
               

 

UNIVERSITÀ DELLA CALABRIA 
 
 
 

  
 

Ph.D thesis in joint supervision 
 

La physique de la particule à la matière condensée (France) 
 

Scienze e Tecnologie delle Mesofasi e dei Materiali Molecolari (Italy) 
 

Presented by 
 

M. Said Houmadi 
 

To obtain grade of 
 

DOCTEUR de l’UNIVERSITÉ PIERRE ET MARIE CURIE – FRANCE 
 
 

DOTTORE DI RICERCA DEL’UNIVERSITA’ DELLA CALABRIA - ITALY 
 

Atomic force microscopy study of physico-chemical and 
nanotribological properties of hydrophobin protein 

                                         
 

Presented on January 10th 2010 
 
 
Mr. Michele Giocondo  CNR – University of Calabria – Italy (Supervisor) 

Ms. Emmanuelle Lacaze    CNRS – University Pierre and Marie Curie (Supervisor)  
 
 
Approved by: 

Mr. Ugo Zammit Associate professor - University of Rome Tor Vergata (Reviewer) 

Ms. Sophie Cantin rivière  Maître de conférence - Cergy Pontoise University (Reviewer) 

Ms. Régine Perzynski   Professor - University Pierre and Marie Curie  (Examiner) 

Mr. Stefano Corni  Researcher INFM - University of Modena and Reggio Emilia (Examiner) 



 



 

Table of contents 

 

Introduction 

1. Hydrophobins        p.1 

1.1 Definition of hydrophobins     p. 1 

1.2 Classification of hydrophobins     p. 2 

1.3 Amphiphilic character of hydrophobins   p. 4 

1.4 Description of some hydrophobins    p. 5 

1.5 Potential applications of hydrophobins   p. 6 

1.6 Aggregation of hydrophobins     p. 7 
1.6.1 Rodlets formation        p. 7 

1.6.2 Self-assembly in solution      p. 9 

1.6.3 Ordered structure of hydrophobin films    p. 10 

1.7 Protein purification       p. 10 

1.8 Aims of the study                                                            p. 12 

Bibliography        p. 12 

 

2. Langmuir technique      p. 17 

2.1 Brief history of Langmuir films     p. 17 

2.2 Langmuir films        p. 18 



2.2.1 Thermodynamic properties of Langmuir Film   p. 19 

2.2.2 Surface pressure        p. 21 

2.2.3 Isotherm         p. 23 

2.3 Film transfer on solid substrate     p. 26 
2.3.1 Langmuir-Blodgett deposition      p. 26 

2.3.2 Langmuir-Schaefer (LS) deposition     p. 27 

2.4 Surface pressure feedback control    p. 28 

2.5 Substrates Preparation      p. 29 

Bibliography        p. 30 

 

3. Atomic Force Microscopy     p. 31 
3.1 Introduction        p. 31 

3.2 Principles of AFM       p. 31 

3.3 AFM probes        p. 32 

3.4 Imaging modes        p. 34 
3.4.1 Review of Harmonic Oscillators     p. 34 

3.4.2 Modeling the AFM Cantilever      p. 36 

3.4.3 Non contact resonant mode      p. 37 

3.4.4 Tapping Mode        p. 38 

3.4.5 Topography imaging       p. 41 

3.4.6 Phase imaging        p. 43 

3.5 Atomic force spectroscopy      p. 46 
3.5.1 Amplitude phase distance curves     p. 46 

3.5.2 Amplitude dependence on tip-sample distance   p. 48 

3.5.3 Phase distance curve       p. 50 



3.6 Contact mode        p. 51 
3.6.1 Calibration of the cantilever deflection    p. 53 

3.6.2 Force curves measurements      p. 54 

3.6.3 Friction         p. 55 

Bibliography        p. 59 

 

4. Langmuir films of hydrophobin protein from 
Pleurotus ostreatus       p. 61 
4.1 Introduction        p. 61 

4.2 Experimental procedure      p. 63 

4.3. Theoretical basis       p. 64 

4.4 Results and discussion      p. 65 
4.4.1 Analysis of Langmuir film at the air-water interface  p. 65 

4.4.2 Characterization of deposited hydrophobin films   p. 71 

4.4.2.1 Modification of wetting properties of surfaces   p. 73 

4.4.3 Characterization of Hydrophobin LB film transferred onto SiO2 surface 
after repeated compression       p. 76 

4.4.3.1 A possible model for rodlets formation     p. 79 

4.4.3.2 Imaging of hydrophobin LB film in dry conditions   p. 81 

4.5 Conclusion         p. 83 

Bibliography        p. 83 

 

5. Beyond Topography using force spectroscopy 
measurements        p. 87 



5.1 Introduction        p. 87 

5.2 Experimental procedure      p. 89 

5. 3 Theoretical aspect of the tip-sample interactions p. 90 
5.3.1 Van der Waals force       p. 90 

5.3.2  Wetting phenomenon and capillary forces    p. 95 

5.3.2.1 Introduction        p. 95 

5.3.2.2 Theory         p.98 

5.3.3 Energy Dissipation        p.100 

5.4 Results and discussion      p.101 
5.4.1 Determination of Hamaker constant     p.101 

5.4.2 Local wettability of hydrophobin films    p. 105 

5.4.2.1 Wetting properties of hydrophobin LS monolayer   p. 105 

5.4.2.2 Wettting properties of hydrophobin LB monolayer   p. 110 

5.4.3 Phase distance curves and visco-elastic properties   p.112 

5.4.3.1 Phase distance curves at ambient humidity    p. 112 

5.4.3.2 Phase distance curves in dry conditions     p. 114 

5.4.3.3 Adhesion force on hydrophobin films     p.116 

5.4.3.4 Energy dissipation between the tip and hydrophobin film  p. 118 

5.4.3.5 Validation of the assumption by numerical simulations  p. 119 

5.4.4 Phase distance curves on hydrophobin LB monolayer and rodlets 

           p. 120 

5.5 Conclusion         p. 123 

Bibliography        p. 124 

6. Nanotribological properties of hydrophobin films 

p. 128 
6.1 Introduction        p. 128 

6.2 Friction at nanoscale       p. 129 



6.3 Experimental procedure      p. 131 

6.4 Results and discussions      p. 132 
6.4.1 Frictional properties of hydrophobin monolayers in ambient humidity 

           p. 132 

6.4.2 Effect of relative humidity on the of friction coefficient for hydrophobin 
films and SiO2 Surfaces        p. 136 

6.4.3 Frictional properties of hydrophobin bilayers   p. 140 

6.5 Conclusion         p. 143 

Bibliography        p. 144 

7. Conclusion                                                      p. 146      



          



Introduction 

The science at the nanoscale is one of the most important growth areas of this 

century. It is a multidisciplinary field covering atomic, molecular and solid state 

physics, as well as much of chemistry and biological materials. Nanostructures are 

known to exhibit novel and improved material properties, fundamentally because 

the physical and chemical properties are very different when dimensions are reduced 

to the nanometer scale.  

Local probe microscopy techniques have been developed for material 

characterization at the nanoscale level. One of the most important and popular 

techniques for nano-materials study is the atomic force microscopy (AFM). AFM is a 

high-resolution imaging technique that allows to obtain information about samples 

at the local scale. In biology for example AFM offers the prospect of high resolution 

images of biological material, images of molecules and their interactions even under 

physiological conditions. My work is related to investigation of thins films of protein 

prepared via the Langmuir technique using atomic force microscopy as well as 

atomic force spectroscopy.  

I have focused the study on hydrophobion protein from the fungus Pleurotus 

ostreatus by investigating physical and tribological properties of well controlled 

hydrophobin films. The goal was to obtain information on the structure of 

hydrophobin assemblies, with the motivation of a deeper understanding of the 

assemblies structure and of the surface properties of this protein, mainly using the 

AFM technique. More specifically, the precise aims of the study can be stated as 

follows: 

- Establishing the right experimental conditions enabling the studies of thin 

hydrophobin films using Langmuir trough. In particular, it consists in finding a way 

to study the self assembled hydrophobin films at the air-water interface as Langmuir 



films and when deposited on solid hydrophilic/hydrophobic substrates as Langmuir-

Blodgett films and Langmuir-Schaeffer films. The interest in Langmuir film is indeed 

associated with the fact that their geometry is controlled, at least better controlled 

than usual films, obtained through incubation procedure. 

- Characterizing the obtained hydrophobin films using atomic force spectroscopy 

measurements, by performing the approach-retract curves in tapping mode and 

hence analyzing amplitude and phase versus tip-sample distance. This will allow to 

probe the local wettability and mechanical properties of obtained hydrophobin films 

using AFM probe. 

- Investigating the nano-tribological properties of obtained films by analyzing the 

friction between AFM tip and surface of films. The goal consists then to analyze the 

possibility of using hydrophobin as coating agents of low friction. 

This thesis is organized as follows:  

In the chapter 1, I present a general overview about hydrophobin proteins and about 

the previous work carried out in order to understand their molecular structure, the 

self-assemblies that can form . Indeed, due to their specific properties, many study 

have been devoted to the investigation about the hydrophobins assemblies. 

In the chapter 2, I present a description of the Langmuir technique, which I have 

used in my thesis for hydrophobin film deposition. 

In the chapter 3, I present the atomic force microscopy technique, and I describe the 

different operating mode AFM. 

In the chapter 4, I have presents results about Langmuir films at the air water 

interface as well as when deposited onto hydrophilic and hydrophobic substrates. 

Chapter 5 reports on characterization of hydrophobin films using force spectroscopy 

measurements in order to probe the locale properties of the protein monolayers 

including wetting and visco-elasticity. 

In the chapter 6, results about frictional properties of hydrohobin films at the 

nanoscale level are presented. 



We were then able to probe the local properties of hydrophobin films and we have 

revealed using AFM in tapping mode a viscio-elastic difference between 

hydrophobin LS film and hydrophobin LB film. 

We have demonstrated that the by AFM one can have more information about the 

properties of samples beyond the topography. 
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1. Hydrophobins 

 

1.1   Definition of hydrophobins 

In order to study and understand the physical aspect of hydrophobin proteins, 

it is necessary to present some biological properties of hydrophobins. They are 

a family of small proteins that are secreted by fungi; they are amphiphilic, thus 

characterized by hydrophilic and hydrophobic areas dispersed on their surface 

[1]. Hydrophobins have been described as the most surface active proteins 

known [2]. Here, the term “surface activity” refers to a tendency to adsorb to 

surfaces and interfaces, such as the air-water interface. In fungi, hydrophobins 

seem to play several different roles. In particular, they help the fungi to survive 

in and adapt to the environment [1], mainly because of their remarkable 

structural characteristics, they fulfill various structural roles including that 

focused on pharmaceutical and other medical applications [3, 4]. Hydrophobins 

work as coatings, adhesive agents and they self-assemble at air-water interfaces 

into amphipathic films with the hydrophobic side exposed to the air [5, 6]. 

Thus, of primary interest of hydrophobins is their ability to interact with 

surfaces, coating the surfaces [7], modifying their hydrophilicity and lowering 

surface tension [8]. Many works have been devoted to the study of these 

hydrophobins, in particular, in order to understand the structure of different 

assembly states of the molecules and their relation with hydrophobicity. 

1.2  Classification of hydrophobins 

In order to understand the current research on hydrophobins it is essential to 

know that early results led to the classification of hydrophobins into two 
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classes, class I and class II. In fact, all hydrophobins have a large proportion of 

hydrophobic residues and contain eight cysteines. The classification of proteins 

is then based on the distribution of the cysteines and the occurrence of 

hydrophilic and hydrophobic amino acid residues in the protein sequence. 

Another classification is associated with their hydropathy plots, as well as on 

the properties of the formed aggregates [9]. Class I hydrophobin biofilms are 

not disrupted when treated with surfactants, solvents, and denaturing agents 

[9, 10]. They are very stable and strongly interact with hydrophobic solids [11]. 

Only trifluoroacetic acid (TFA) has been found to dissociate the corresponding 

supramolecular structures [10]. On the other hand, films formed by class II 

hydrophobins are easily disrupted with surfactants or solvent mixtures such as 

60% ethanol/water [12]. Sequences of a representative subset of class I and class 

II hydrophobins is illustrated in the figure 1 taken from ref. [13]. Class II 

hydrophobins are generally smaller than class I proteins (ca. 70 residues versus 

ca. 85–95 residues) and display substantially more sequence similarity to one 

another [1].  

 
Figure 1. Amino acid sequence comparison of class I and class II hydrophobins. Only amino acids between the first 
and last Cys residues are shown due to high sequence variation outside this region. The conserved Cys residues 
are highlighted in yellow, with the conserved disulfide bonding pattern indicated with brackets. 

 

A common feature of hydrophobins is that they are small proteins, containing 

around 100 amino acids. The primary sequence is characterized by a conserved 
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pattern of eight cysteine residues [14, 15, 16]. By comparing amino acid 

sequence of class I and class II hydrophobins shown in figure above, Kwan et al 

[13] have shown that the length of the polypeptide segments between cysteines 

3 and 4 (the Cys3–Cys4 loop) and that between cysteines 4 and 5 (the Cys4–

Cys5 loop) are fully conserved in class II hydrophobins, and the other inter-

cysteine regions are also well conserved. In contrast, class I hydrophobins 

display much greater sequence variation. In particular, the length of the inter-

cysteine regions is highly variable. This could be related to the difference 

between the assemblies formed by class I on one hand and class II on the other 

hand. Indeed, in studies of the air–water interface it was observed that some 

hydrophobins from class II such as HFBI and HFBII assemble into films that can 

present a very ordered structure of nanometer dimensions [1, 17] (see figure 

3B). 

 
Figure 2. Structure of HFBII hydrophobin. The hydrophobic patch is shown in green, with the rest of the 
hydrophilic surface in light grey. The exposed hydrophilic side chains give the molecule the character of an 
amphiphile. B). a small antiparallel β-barrel formed by two β-hairpins connected by a stretch of α-helix [18]. 
 
 On the other hand, rodlets formation is characteristic of class I hydrophobins 

such as SC3 (see figure 3A). Rodlets are typically formed when a solution of 

hydrophobin is dried down on a solid surface, and appear to be formed at the 

air–water interface [1]. In addition, aggregates of SC3 hydrophobin have been 
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identified in solution, but the details of this association in solution are not 

known [5].  

 
Figure 3. Supramolecular assemblies of hydrophobins. A)  An atomic force microscopy (AFM) image of a S. 
commune SC3 sample showing rodlets. The sample was prepared by drying down a solution of protein on a sheet 
of mica. B) An (AFM) image of a surface membrane of HFBI class II hydrophobin showing an ordered structure. 
The film was formed at the air–water interface and lifted onto mica using the Langmuir–Blodgett technique. 
Images taken from ref. [1]. 

 

1.3  Amphiphilic character of hydrophobins 

The important feature of the protein is that one side of the hydrophobin consists 

solely of hydrophobic aliphatic side chains that form a planar hydrophobic 

patch whereas the other protein side is mostly hydrophilic. Furthermore, Linder 

[18] has described the formation of hydrophobic patch of HFBII hydrophobin 

that is formed to a large extent by two loop regions in the central β-barrel 

structure and contains only aliphatic residues. He explained that these surface 

hydrophobic residues form about half of all hydrophobic residues in the 

protein. This is remarkable, because usually hydrophobic residues are buried in 

the core of proteins stabilizing the folded conformation of proteins. This 

amphiphilic and rigid structure is believed to be responsible for the 

hydrophobins interfacial properties [19]. The hydrophobin structure could then 

be described to look like any surfactant with one hydrophobic and one 
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hydrophilic part, only the size and structural details (see figure 2) are very 

different from typical surfactants. In fact, the diameter of the protein is 

approximately 2.5 - 3 nm [18, 5].  

1.4  Description of some hydrophobins 

The most studied class I hydrophobins to date are SC3 from Schizophyllum 

commune, and EAS; from Neurospora crassa, on the other hand HFBI and HFBII 

from Trichoderma reesei are the most studied class II hydrophobins. On the 

other hand, the molecular structure of vmh2 class I hydrophobin is not well 

known to date. Indeed, Penas and co-workers [20] have investigated the 

primary structures and expression of hydrophobins from Pleurotus ostreatus 

with the aim of understanding their different functions. They found that the 

family of genes coding for these proteins was more complex than expected. 

They suggested that their function should be related not only to the molecular 

structure but also regulated by time or developmental stage. 

Hydrophobins have functions in biology that are not well understood. Also the 

relationship between molecular structure and self assemblies or aggregations is 

not well understood. Thus an important step towards the understanding of 

hydrophobins function came with the first crystallographic structure. The 

molecular structure of the class II hydrophobins HFBI and HFBII has been 

described by Hakanpaa et al [14, 15] (see the molecular structure of HFBII in 

figure 2). The crystal structures of HFBI and HFBII have provided valuable 

insights into the molecular basis for the surface properties of hydrophobins. 

However, in some senses the class I proteins are more striking, because of the 

robustness and regularity of the rodlet layer that they form [21].  

Tripleresonance NMR method has been used to determine the molecular 

structure of the class I hydrophobin EAS [16]. By NMR study of this protein it 
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has also been suggested that the EAS hydrophobin is largely unstructured in 

solution, showing only a small region of β-sheet structure [22]. In addition, 

Zangi et al [23] have proposed that the protein refolds at hydrophobic-

hydrophilic interfaces. Similarly, studies on the SC3 hydrophobin have 

suggested that the protein has different conformational states and different 

secondary structure contents when in solution [24, 25]. This change in 

conformation allows likely hydrophobin molecules to form different assemblies 

that are very important for biotechnological perspectives. 

1.5  Potential applications of hydrophobins 

When the hydrophobin membrane is transferred onto a substrate, the 

wettability of this surface can be controlled, and hydrophobic behavior can be 

converted into hydrophilic behavior, and vice versa [6, 26, 27, 28]. De Stefano 

and co-workers [29] have demonstrated that the hydrophobin membrane 

protects the silicon nanocrystalites from basic dissolution in NaOH, and leaves 

unaltered the sensing ability of porous silicon optical microcavity that works as 

an optical transducer for vapor and liquid detection. This consequently adds 

chemical stability, which can be key in biomolecular experiments. It has been 

also demonstrated that rodlets may be formed in vitro on both hydrophobic 

and hydrophilic substrates with the like face of the rodlets adhering to the 

surface and the other face directed outwards [27]. Thus, for example, 

hydrophobic surfaces may be coated with rodlets or hydrophobin layer to allow 

the subsequent attachment of cells or proteins in biosensor design, or to 

increase their biocompatibility in applications such as tissue engineering. The 

latter use would be assisted by the observation that humans have been 

ingesting hydrophobins from mushrooms and other edible fungi for many 

years without apparent side effects [30].  
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1.6  Aggregation of hydrophobins 

1.6.1  Rodlets formation 

The important characteristic of class I hydrophobins is their capability to form 

rodlets [31]. The formation of this rodlet-like film is accompanied by β-sheet-

state structure formation, as detected by de Vocht et al. [25] using polarization-

modulation infrared reflection absorption spectroscopy (PM-IRRAS). In effect, 

PM-IRRAS has been used to study the self-assembly of SC3 directly at the air–

water interface. SC3 accumulates rapidly at the air–water interface and is seen 

to undergo a conformational transition from a mixture of secondary structure 

elements to a mainly β-sheet form. On the other hand, Yu et al. [33] have 

investigated the HGFI class I hydrophobin from Grifola Frondosa using 

Langmuir trough and found that rodlets are formed at the air–water interface 

after repeated compression cycles of a surface film of HGFI. This suggests that 

energy is necessary to form rodlets. 

In reference [25], authors give information about the orientation of secondary 

structure elements in a sample, relative to the incident surface. They indicated 

by PM-IRRAS spectra from SC3 rodlets, collected from the interface, that the 

hydrogen bonds are oriented preferentially parallel to the air– water interface. 

Since the hydrogen bonds lie in the plane of the β-sheet, this indicates that the 

β-sheets in the SC3 rodlets are parallel to the surface and therefore also co-

planar with the long axis of the rodlets. Askolin [32] has proposed that rodlets 

formation is caused by conformational changes of the hydrophobin molecules 

together with intermolecular interaction (figure 4A). He suggested that the 

reason for the conformational change may be stabilization of the hydrophobin 

film by strengthening of the interaction between individual molecules. He 

proposed a model for rodlets based on the formation of rodlets as a monolayer. 
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The proposed model is supported by the observations of de Vocht and co-

workers [3] indicating that changes in secondary structure of SC3 occur prior to 

rodlet formation. However most of the models suggest that the rodlets are 

formed as a monolayer. Kwan et al. [16] have equally proposed a model for the 

rodlets structure adopted by the class I hydrophobin EAS (figure 4B). In this 

model the rodlets form a monolayer of interacting molecules at the air-water 

interface with a hydrophobic side that faces air and a hydrophilic side that 

contacts water. 

 
Figure 4. Models of rodlets formation: (A) is taken from [32] and (B) from [16] 

However all of these structural studies need to reconcile the models for 

hydrophobin conformation with the measured thickness of rodlets. The 

thickness of the SC3 monolayer has been reported several times. de Vocht et al. 

[36] used scanning force microscopy and estimated that the rodlets, had an 

average diameter of 9–15 nm. This suggests that the rodlets thickness is about 9-

15 nm if they have a cylindrical form. These results are supported by other 

studies of class I hydrophobins, which generally report rodlet diameters for 

class I hydrophobins of about 10 nm [1]. However, Wösten et al. [37] have 

calculated the occupied area by SC3 molecule on Teflon on one hand and at the 
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water–air interface on the other hand, concluding that, SC3 would occupy 

about 7 nm2 if spherical, suggesting that the protein should adopt an extended 

conformation when it forms rodlet if the rodlets thickness is indeed about 10 

nm. Moreover, these values are in contradiction with the results reported by 

Wang et al. [38] for SC3 hydrophobin using ellipsometry measurements. They 

determined the thickness of a membrane formed at an air-water interface after 

several hours of incubation. When protein concentration was high (100 mg/ml), 

the membrane thickness after 10 min was determined to be 2.3 nm, and it 

slowly increased to the maximum of 3 nm after 5 hours incubation. This 

difference may be due to the fact that the membrane formed at low protein 

concentration is less compact; either a larger space exists between molecules, or 

the orientation of the protein in the membrane is different. 

The difference in the obtained values for rodlets thickness reported in the 

references [1, 36, 37] on one hand and [38] on the other hand, anyway, it 

remains possible that in [38] , the rodlet film is still not fully compact for 100 

mg/ml finally suggests that the rodlets are not cylindrical but their width is 

probably larger than thickness. 

1.6.2  Self-assembly in solution 

The hydrophobin SC3 self-association in water was also investigated. Martin et 

al. [34] have reported utilizing dynamic light scattering, that complexes ranging 

from approximately 100 to 200 nm diameter were formed in solution at low 

concentrations of the protein (1 µg/mL). At higher concentrations (4-10 µg/mL), 

an additional population of aggregates in the micrometer range was observed. 

The size of the loosely associated structures in solution was shown to be 

dependent on the protein concentration; surface tensiometry experiments 

showed a critical aggregation concentration of approximately 1 µg/mL.  
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1.6.3  Ordered structure of hydrophobin films 

AFM studies of HFBI and HFBII films produced by the Langmuir–Blodgett 

technique have also reported by Paananen et al [35], they have shown highly 

crystalline domains of the hydrophobins with regular features and a monolayer 

height of about 1.3 nm. Elsewhere, significant structural insight into class II 

hydrophobin films has been achieved with high resolution AFM studies of 

HFBI variants where the monolayer films have been probed from both the 

hydrophobic and hydrophilic sides [17]. These class II hydrophobin layers do 

not have a rodlet-like morphology but instead display a striking hexagonal 

repeating pattern that arises spontaneously at the air–water interface. 

Concerning the thickness question, as noted above, Paananen and coworkers 

[35] have reported the thickness of a class II hydrophobin layer to be 1.3 nm. 

Szilvay et al. [17] report thicknesses of 1.3–2.8 nm, depending on the manner of 

preparation of the film and conclude that the films are monomolecular layers, 

with the diameter of the globular, soluble form of HFBI being 2–3 nm. 

In order to have idea about the rodlets size, it is reasonable to compare their 

thickness to that of monolayer formed by class II hydrophobin which is about 2-

3 nm thick. In doing this, and in taking into account the thickness reported in [1, 

36, 37] it can be concluded that if a hiegh thickness for rodlets would be 

confirmed, the rodlets should be formed as multilayer or the molecules of class 

I hydrophobin adopt an extended shape when they form rodlets. 

1.7  Protein purification 

In this thesis, I have investigated physical and nanotribological properties of 

vmh2 class I hydrophobin purified from the fungus Pleurotus ostreatus.  It has 
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been purified in the group of Pr P. Giardina at the department of Organic 

Chemistry and Biochemistry, Federico II University, Naples- Italy.  

White-rot fungus, P. ostreatus (Jacq.:Fr.) Kummer (type: Florida) (ATCC no. 

MYA-2306) was maintained through periodic transfer at 4 °C on potato 

dextrose agar (Difco) plates in the presence of 0.5 % yeast extract (Difco). 

Mycelia were inoculated (by adding six agar circles of 1 cm diameter) in 2 l 

flasks containing 500 ml potato dextrose (24 g/l) broth supplemented with 0.5% 

yeast extract (PDY) or 2% malt extract (ME) and grown at 28 °C in static 

cultures. 

After 10 days of fungal growth, mycelia were removed by filtration and 

hydrophobins released into the medium were aggregated by air bubbling using 

a Waring blender.  Foam was then collected by centrifugation at 4,000 x g. The 

precipitate was freeze-dried, treated with TFA for 2 hours and sonicated for 30 

min. After centrifugation at 3200 x g for 20 min, the supernatant was dried 

again in a stream of air, and then dissolved in water (Hyd-w) or 60% ethanol 

(Hyd-et). In the latter case, the solution was kept at 4 °C overnight and then 

centrifuged at 3200 x g for 10 min. Before use the protein was always 

disassembled with pure TFA, dried, and then the monomeric protein dissolved. 

Protein concentration was evaluated by bicinchoninic acid (BCA) assay (Pierce, 

Rockford, IL) using bovine serum albumin as standard or evaluated by 

measuring the absorbance band at 280 nm, using a value of ε=1.44 ml mg-1 cm-1, 

when the hydrophobin was dissolved in EtOH solution. This extinction 

coefficient has been estimated on the basis of the concentration determined 

using the protein dissolved in water and tested by BCA assay. Molecular mass 

of the protein (8568 Da) has been determined by MALDI TOF (Voyager-DE 

STR, Applied Biosystems) analysis.  
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1.8   Aims of the study 

In this thesis work in a broad sense, the aim was to investigate the hydrophobin 

protein in order to obtain information on the structure of hydrophobin 

assemblies, with the motivation of a deeper understanding of the surface 

properties of the vmh2 class I hydrophobin from the fungus pleurotus ostreatus, 

mainly, using the AFM technique. More specifically, the precise aims of the 

study can be stated as follows: 

- Establishing the right experimental conditions enabling the studies of thin 

hydrophobin films using Langmuir trough. In particular, it consists in finding a 

way to study the selfassembled hydrophobin films at the air-water interface as 

Langmuir films and when deposited on solid hydrophilic/hydrophobic 

substrates as Langmuir-Blodgett films and Langmuir-Schaeffer films.  

- Characterizing the obtained hydrophobin films using atomic force 

spectroscopy measurements, by performing the approach-retract curves in 

tapping mode and hence analyzing amplitude and phase versus tip-sample 

distance.  

- Probing the local wettability and mechanical properties of obtained 

hydrophobin films using AFM probe. 

- Investigating the nano-tribological properties of obtained films by analyzing 

the friction between AFM tip and surface of films. 
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2. Langmuir technique 

2.1  Brief history of Langmuir films 

Humanity was already familiar with molecular films on water in the ancient 

times. In fact, since ancient Greece, sailors stories recount that a film of oil 

spilled in surface water tends to calm the waves. Since then, numerous studies 

were conducted to understand the origin of this phenomenon. From the late 

19th century, concept of monolayer appeared, but this is Irving Langmuir, 

Nobel Prize in 1932, who really began to focus on thermodynamic properties of 

floating monolayers on water. He was the first to introduce the concept of 

amphiphilic molecules that contain two distinct components, hydrophobic and 

hydrophilic part. These molecules allow to obtain two-dimensional systems. 

Named after Irwin Langmuir, Langmuir films are rapidly growing in 

importance in the scientific community. The name Blodgett was added several 

years later when Katherine Blodgett gave a detailed description of monolayer 

transfer on substrate. Langmuir films usually refer to floating monolayers, and 

Langmuir-Blodgett films refer to a monolayer deposited by vertical lifting 

method on solid substrate. 

Thin films are the source of high expectations as being useful components in 

many practical and commercial applications such as sensors, detectors, displays 

and electronic circuit components [1]. They are of vital importance for the 

building of electric, optical, and biotechnological sensors.  Constrained by the 

progress of technology but also by the miniaturization of electronic 

components, industrial organisms have developed techniques to build up 

structures by deposition atom by atom, using the epitaxy techniques [2]. But the 

cost of these methods is high and their use is complex. In this context, Langmuir 
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technique has received increasing attention since many years, and Langmuir 

films preparation has been extensively investigated. 

2.2  Langmuir films 

The Langmuir film is usually built of a single layer of amphiphilic molecules on 

the surface of liquid called subphase. The most commonly used subphase is 

water, due to its large surface tension (γ0 = 73 mN/m, at normal conditions of 

temperature and pressure). However, other liquids, as mercury [3] and glycerol 

[4], were also used as subphases. The Langmuir trough consists mainly of three 

parts: a plane trough containing the aqueous solution, the electronic device 

used to adjust molecular surface density and movable barriers. 

 
Figure 1: Photography of the used Langmuir trough at LiCryL laboratory. 

 The Langmuir trough is often made of Teflon in order to prevent any leakage 

of the subphase [5]. The amphiphilic molecules are dissolved in an organic 

solvent which is a good solvent for these molecules, and spread over the 

subphase. The solvent evaporates rapidly, and the molecules remain at the 

liquid–gas interface. The amphiphilic nature of the molecules dictates the 

orientation of the molecules at the liquid–gas interface in such a way that the 

hydrophilic part is immersed in the water, while the hydrophobic part of the 
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molecules remains in the gaseous side of the interface. When the available 

surface area is so high that the intermolecular distance is large, the mutual 

interactions of the molecules are small and the monolayer thus formed can be 

considered as the two-dimensional (2D) analogue of a gas (gaseous phase) (see 

figure 2a). The surface tension of the liquid surface is hardly affected by the 

presence of the monolayer, which will become different when movable barriers 

are used to reduce the surface area, the hydrophobic part of the molecules 

exerts a repulsive force and tends to “stand up,” with the hydrophilic part still 

immersed in the liquid (see figure 2b). If we continue to exert a compression of 

the film, the hydrophobic part of the molecules tends to minimize the available 

volume, and becomes organized in a compressed monolayer solid-like (see 

figure 2c). 

 
Figure 2. Monolayer of amphiphilic molecules molecules in a liquid–gas interface: (a) small concentration of 
molecules; (b) large concentration of moderately compressed molecules; (c) large concentration of compressed 
molecules. 

2.2.1  Thermodynamic properties of Langmuir Film 

A two-dimensional homogeneous system can be characterized by the following 

non-independent parameters:  

Temperature:  The film is in thermal equilibrium with the water that allows to 

maintain the temperature of the monolayer equal to that of water. In our 

experiment the temperature of the water was controlled at 18 °c using 

thermostated circulating water in channels placed underneath the Langmuir 

trough.  

Area per molecule: The mean area per molecule noted A is the average area 

available for each amphiphilic molecule constituting the Langmuir film and 
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varies according to the movable barriers position in the Langmuir trough. It 

should be noted that the mean area has a minimum corresponding to the 

compact arrangement of molecules. Below this area, the Langmuir film begins 

to collapse and multilayers are created. The value of A, if compared to the 

known dimensions of the particular molecule, may be used to infer the 

orientation of the molecule, its behavior at the water surface and the 

interactions between neighboring molecules. It can be calculated as the ratio 

between the trough area S and the number n of molecules present at the 

interface as following: A= S/n.       (1) 

The calculation of area per molecule therefore requires knowledge of the 

number of molecules that have been spread from solution. This requires 

knowledge of several contributing values as solution concentration, solution 

quantity and molecular weight of monolayer material. The unity of area per 

molecule generally used is square nanometer or square angström per molecule. 

However, a difficulty for this calculation can occur if some spread molecules 

can plunge into the sub-phase or form tridimensional aggregates. As a 

consequence, the number of molecules at the interface and hence the area per 

molecule become unknown.   

Surface tension: The molecules in a liquid have a certain degree of attraction to 

each other. The degree of this attraction, also called cohesion, is dependent on 

the properties of the molecule. The interactions of a molecule in the bulk of a 

liquid are balanced by an equally attractive force in all directions. The 

molecules on the surface of a liquid have fewer neighbors (see figure 3). This 

organization is not as favorable in terms of energy, because a molecule at the 

air/water interface has a larger attraction towards the liquid phase than towards 

the air or gas phase. Therefore, there will be a net attractive force towards the 
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bulk and the air/water interface will spontaneously minimize its area and 

contract.  

 

Figure 3. Schematic illustration of the interaction of molecules at an interface and in bulk 

The net effect of this situation is the presence of free energy at the surface. The 

excess energy is called surface free energy and can be quantified as a 

measurement of energy per area. It is also possible to describe this situation as 

having a line tension or surface tension which is quantified as a force per length 

measurement. Surface tension can also be said to be a measurement of the 

cohesive energy present at an interface. The used unit for surface tension is 

mN/m, but it may also be expressed in dynes/cm. These units are equivalent. 

Polar liquids, such as water, have strong intermolecular interactions and thus 

high surface tensions. Any factor which decreases the strength of this 

interaction will lower surface tension. Thus an increase in the temperature of 

this system will lower surface tension. Any contamination, especially by 

surfactants, will lower surface tension. Therefore researchers should be very 

cautious about the issue of contamination. 

2.2.2  Surface pressure 

When the available surface area of the monolayer is reduced by a barrier system 

(see Figure 2) the molecules start to exert a repulsive effect on each other. For a 
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monolayer deposited on the surface of water, the differential of the free energy 

of surface can be expressed by:    

∑+Σ−−=
i

i
s

i
ss dnddTSdF µγ  

Where Ss is the entropy, T is the absolute temperature, and γ is the surface 

tension in presence of monolayer, Σ is the area, i
sn  are the number of moles of 

different species present at the interface and µi are the corresponding chemical 

potentials.  

Thus, the energy of the monolayer can be expressed as: 
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The two-dimensional analogue of a pressure is called surface pressure, and is 

defined as  
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This relation implies that the surface pressure is nothing more than the 

reduction of the surface tension of the air-water interface by the presence of the 

http://en.wikipedia.org/wiki/Thermodynamic_entropy�
http://en.wikipedia.org/wiki/Chemical_potential�
http://en.wikipedia.org/wiki/Chemical_potential�
http://en.wikipedia.org/wiki/Chemical_potential�


23 

 

monolayer. The pressure П is a  mea sure of the repulsive force between 

amphiphilic molecules spread over the subphase.  

2.2.3  Isotherm 

The most important indicator of the monolayer properties of an amphiphilic 

material is given by the measure of the surface pressure П. We plot П a s a 

function of the area per molecule in order to characterize the properties of the 

surface monolayer spread over a subphase. This plot is called surface pressure-

area isotherm [2] or simply "isotherm". This is carried out at constant 

temperature. Usually an isotherm is recorded by compressing the film 

(reducing the area with the barriers) at a constant rate while continuously 

monitoring the surface pressure. As the surface area per molecule decreases 

with compression, the typical behavior of П depends on the molecules and 

subphase. Although the isotherms depend on the nature of molecules, a 

generalized isotherm showing the different phases that can be encountered is 

schematized in figure 4. During the compression of the layer, four phases can 

be encountered  [6, 7]:  

Gaseous (G) where the molecules are not in close contact and thus do not 

display any significant mutual interaction. Liquid expanded (LE), in this phase 

the molecules are aligned almost parallel with all hydrophobic part standing up 

in a 2D solid-like structure. Liquid condensed (LC) where the molecules are 

organized in a close-packed monolayer. And finally, solid phase, where the 

molecules are organized perpendicularly to the surface of water as a compact 

monolayer. Upon further compression, the available surface area can no longer 

contain the close packed monolayer, which will inevitably lead to the collapse 

of this monolayer and the formation of bi- and multilayers. It should be noted 
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the presence of plateau between different phases indicating a first-order 

transition.  

 
Figure 4. Generalized surface pressure-area isotherm of a Langmuir monolayer. Horizontal sections of the 
isotherm are phase coexistence regions at first order transitions [7]. 

 
The unit of surface pressure is Millinewton per meter (mN / m) which means 

that we have a force per unit length by analogy with the force per unit area in 

3D. It is measured by the Wilhelmy plate-method. In this method we determine 

the force due to surface tension on a plate suspended and partially immersed in 

the subphase (see Figure 5). This force is converted into surface tension (usually 

mN/m) with the help of the dimensions of the plate. 
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Figure 5. A Wilhelmy plate partially immersed in a water surface 

The plate is often very thin and made of platinum, but even plates made of 

glass, quartz, mica and filter paper can be used. In all our Langmuir trough 

experiments, we have used filter paper that absorbs the liquid. The forces acting 

on the plate consist of the gravity and surface tension downward, and 

Archimedes thrust. For a rectangular plate of width w and thickness t, of 

material of masse m, immersed within a depth h in a liquid of density ρ the net 

downward force is given by the following equation: 

( ) hgtwtmgF ωρθγ −++= cos2  

Where γ is surface tension in presence of monolayer, θ is the contact angle of the 

liquid on the solid plate (θ = 0 in our case) and g is the gravitational constant. As 

the value of the water surface tension is ca. 73 mN/m, at the temperature 18 °C . 

The surface pressure can be determined by measuring the force  F  at the depth 

(h =  0 ),  in this ca se,  the Archimedes thrust is negligible, on the other hand, 

measuring the force F when the plate is not in contact with the surface of water, 

leads to the determination of the plate weight. We thus obtain the γ value and 

consequently the surface pressure. 
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2.3  Film transfer on solid substrate 

Monolayer films do not only exist in the form of a Langmuir film on the water 

surface. They can also be transferred on to solid substrates. This allows to form 

thin films, using one or several monolayer. The techniques employed in our 

experiments to fabricate solid film samples are Langmuir-Blodgett (LB) and 

Langmuir-Schaefer (LS) techniques. 

2.3.1  Langmuir-Blodgett deposition 

As demonstrated by Blodgett, stable Langmuir monolayers can be transferred 

from the air-water interface onto solid substrates. However, this transfer can be 

performed in several different ways, depending on the properties of the 

monolayer and of the substrate. For a relatively flexible monolayer, the 

Langmuir-Blodgett dipping method is often used. In our experiment, we have 

used in particular the technique where the substrate is dipped vertically 

through the monolayer at the air-water interface as shown in Figure 6; in this 

technique the hydrophilic substrate is required. In the figure 6, a deposition 

setup with the compression barrier and the displacement transducer is 

illustrated. The substrate is initially introduced vertically in the trough before 

film compression, then, the monolayer is compressed slowly (5 mm/mn) to a 

suitable surface pressure. This pressure is kept constant during the deposition, 

by a computer controlled feedback system between the electrobalance 

measuring the surface pressure and the barrier moving mechanism. 

                                       



27 

 

 
                                  Figure 6. Schematic representation of Langmuir-Blodgett transfer 
 

 
After stabilization of monolayer, the substrate is withdrawn from the liquid 

side of the interface towards the gaseous side. Consequently the floating 

monolayer is adsorbed to the solid substrate. In this case, the hydrophilic part 

of the molecule is placed in contact with the solid substrate.  

2.3.2  Langmuir-Schaefer (LS) deposition 

Another way for monolayer transfer on solid substrate was introduced by 

Langmuir and Schaefer [8]. In this LS dipping method, the substrate is aligned 

almost parallel to the air-water interface and is lowered until it just touches the 

monolayer. The monolayer will adhere to the substrate when it is withdrawn 

again, as shown in Figure 7. 

 
 

Figure 7.  Schematic representation of Langmuir-Schaefer transfer 
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For this transfer method hydrophobic substrates must be used, as it is 

important that only the monolayer is lifted off from the interface and that as 

little water as possible adheres to the substrate. Upon drying, this water could 

cause redistribution of the material in the monolayer, in particular disordering 

structure. 

2.4  Surface pressure feedback control  

To ensure the transfer of Langmuir film on solid substrate at a constant surface 

pressure, the monolayer surface pressure is controlled via feedback loop as 

illustrated in the figure 8; in fact, a voltage derived from electro-balance is 

compared with a voltage corresponding to the desired surface pressure. The 

differential signal activates a motor which drives the compression barrier to 

either decrease or increase the monolayer area during the transfer. 

 

 
Figure 8. Feedback loop to control monolayer surface pressure and schematic illustration of a Langmuir film 
balance with a Wilhelmy plate electrobalance measuring the surface pressure, and barriers for reducing the 
available surface area. 
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2.5 Substrates Preparation  

In my work, the study is focused in hydrophobin films deposited using 

Langmuir Blodgett technique and by Langmuir Schaefer one.  In order to obtain 

hydrophilic surfaces suitable for Langmuir-Blodgett transfer, pieces of Si were 

washed in an ultrasound bath of chloroform for 3 minutes to eliminate carbon 

contamination. After drying, the Si pieces were immersed in a so called 

standard piranha solution containing sulfuric acid and hydrogen peroxide, 30% 

of H2O2 [30%] and 70% of H2SO4 [98%], and heated at 60 °C for 15 minutes. This 

step resulted in an oxidized SiO2 surface thick enough to be considered as a 

silica surface in force measurements [9]. Pieces were hence washed with 

ultrapure water; and then dried with a nitrogen flow. The pieces were stored 

inside closed plastic boxes. 

On the other hand, in order to obtain hydrophobic surfaces suitable for 

Langmuir-Schaeffer deposition, Si wafers were silanized using 

octadecyltriethoxysilane (OTE), with the help of Dr I. Bou Malham from INSP, 

Following the procedure described in ref. [10] 

 Self-assembled monolayers of n-octodecyltriethoxysilane (OTE 94%, from 

ABCR, Germany, used as received) were deposited on Si wafer following a 

protocol similar to that proposed initially by Kessel and Granick [11] and 

modified by Xiao et al. [12] OTE was prehydrolyzed by dissolving 0.4470 g of 

silane in 50 mL of tetrahydrofuran (THF puriss. from Riedel-de Haen, 

Germany) containing hydrochloric acid at a concentration of 0.1 M. The 

solution was stirred at room temperature for 3-5 days. 2.5 mL of the 

prehydrolysis solution was then diluted in 50 mL of cyclohexane (puriss. grade, 

Riedel-de Haen), while continuously stirring. After 30 min of agitation, the 

solution was filtered through a 0.2 μm PTFE membrane and brought to 

controlled temperature by immersion of the beaker in a dodecane bath 
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thermoregulated at (± 0.2 °C using a water-circulating system. OTE layers were 

deposited on plasma-treated Si surfaces at temperature 18 °C, the surfaces were 

immersed in the deposition solution during 20 s. The samples emerged almost 

completely dry from the silane solution, and residual droplets on the samples 

were immediately blown off in a stream of argon. Without further rinsing or 

post-treatment, Si silanized surfaces were then used for Langmuir Schaffer 

deposition. 
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3. Atomic force microscopy 

3.1  Introduction 

In 1986, Binnig et al. [1] revolutionized microscopy through the invention of the 

atomic force microscope (AFM). The AFM technique is a very high-resolution 

type of scanning probe microscopy. Since its invention, it has become important 

tool for nanometer-scale characterization of surface topography, but it is also a 

powerful tool for sensitive force measurements and thus for the study of 

different kinds of surface properties. After description of AFM apparatus, 

different modes in which an AFM can be operated will be detailed in this 

section. 

3.2  Principles of AFM 

The AFM technique is based a mechanical interaction between a tip and the 

surface of the sample. It consists of a microscale cantilever with a sharp tip at its 

end that is used to scan the sample surface. The cantilever is generally made of 

silicon or silicon nitride with a tip radius of curvature of the order of few 

nanometers. When the tip is brought into proximity of a sample surface, forces 

between the tip and the sample lead to a deflection of the cantilever. Forces that 

are measured in AFM include mechanical contact force, van der Waals forces, 

capillary forces, chemical bonding, electrostatic forces, etc. As well as force, 

additional quantities may simultaneously be measured through the use of 

specialized types of probe such as for example, the scanning thermal 

microscope that probes the local temperature and thermal conductivity of an 

interface. 
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In the AFM technique, the cantilever deflection is measured using a laser spot 

reflected from the top surface of the cantilever into an array of photodiodes (see 

figure 1). A feedback mechanism is used in order to adjust the tip-sample 

distance and to maintain a constant force between them. Generally, the sample 

is mounted on a piezoelectric tube, which can move the sample in the z 

direction for adjusting the force, and in the x and y directions for scanning the 

sample.  

 
Figure 1. Schematic illustration of an AFM setup. The sample is maintained on a piezoelectric tube, which can be 
finely moved in x, y, and z. A laser beam is reflected from the backside of the cantilever into a photodiode to 
measure the deflection of the cantilever. In tapping mode, an additional piezo-electric is used to continuously 
excite the cantilever. 
 

3.3  AFM probes 

Cantilever and tip are among the most important features of the AFM. The 

cantilever shape is usually triangular (V shaped) or long and rectangular. In this 

work, I have used rectangular silicon cantilever in tapping mode 

measurements, and "V" shaped silicon nitride cantilever in contact mode 

measurements. Their mechanical and dynamical properties are represented by 

http://en.wikipedia.org/wiki/Laser�
http://en.wikipedia.org/wiki/Photodiodes�
http://en.wikipedia.org/wiki/Negative_feedback�
http://en.wikipedia.org/wiki/Piezoelectric�
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Young modulus, resonance frequency, and quality factor. In the figures 2, 3 and 

4 technical specifications taken from the manufacturer website are presented. 

 

Figure 2. Scanning electron microscopy images of Si tip used in our work in tapping mode, from Nanosensors 
(nanosensors.com). 

 

Figure 3. Technical characterization of the second tip used in our work in tapping mode, from veeco 
(veecoprobes.com) 
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Figure 4. Si3N4 AFM probe model used in our work for contact mode measurements furnished by Budget sensors 
(budgetsensors.com). 

3.4  Imaging modes  

The AFM can be operated in a number of modes, depending on the application. 

In general, possible imaging modes are divided into static also called contact 

modes and a variety of dynamic modes where the cantilever is vibrated. In 

order to understand dynamic AFM mode, let us understand oscillators. I will 

therefore first do a little review. 

3.4.1  Review of harmonic oscillators 

In classical mechanics, a harmonic oscillator with a force constant ck  and an 

effective mass m is a system which, when displaced from its equilibrium 

position, experiences a restoring force, F , proportional to the displacement, z 

according to Hooke's law: 

TEM image 
of the tip 

http://en.wikipedia.org/wiki/Classical_mechanics�
http://en.wikipedia.org/wiki/Force�
http://en.wikipedia.org/wiki/Hooke%27s_law�
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zkzF c−=)(                                    (1) 

By Newton's Second Law, this is equal to  

zk
dt

tdzm c−=
)(2

                            (2) 

There are two additional forces besides the tension in the spring which affect 

the motion of most oscillators one encounters, including the AFM cantilever. 

These forces are damping and driving.  

Damping is frictional force, which tends to reduce the amplitude of oscillations 

in the oscillatory system; it is proportional to the velocity (i.e. it opposes to the 

motion). Thus, 

dt
tdzFdamping
)(β−=                     (3) 

β is the damping coefficient defined as follows 
Q

m 0ωβ = , where ω0 and Q are 

the resonance frequency and the quality factor of the oscillator. The last is a 

dimensionless parameter that describes how under-damped the oscillator. 

Higher Q indicates a lower rate of energy loss relative to the stored energy of 

the oscillator. 

The expression for the driving force depends on how the oscillator is driven. 

Generally, a typical driving force is  

( )tFFdriving ωcos0=               (4) 

Thus the driving force has maximum amplitude 0F and a frequency ω. 

Summing the forces, we get the equation for damped, driven oscillators.  

)cos(0 tF
dt
dzbzkFFFF cdrivingdampingspring ω+−−=++=∑  

http://en.wikipedia.org/wiki/Dimensionless_quantity�
http://en.wikipedia.org/wiki/Damping�
http://en.wikipedia.org/wiki/Oscillation�
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We have then                   )cos(0
0

2

2

tFzk
dt
dz

Q
m

dt
zdm c ω

ω
=++             (5)  

     
 

3.4.2  Modeling the AFM cantilever 

The AFM cantilever is a harmonic oscillator that interacts with the surface of 

sample. Its dynamical behavior can therefore be approximately described using 

the equation (5). In this case the tip-sample interaction tsf  must be taken into 

account and the differential equation of motion is: 

)()cos( 00
0

2

2

zftFzk
dt
dz

Q
m

dt
zdm tsc +=++ ω

ω          (6) 

where 0z is the average tip-sample distance as indicated in the figure 5. 

 
 

Figure 5. Scheme of the cantilever-tip and the sample. The instantaneous tip-surface separation d, the 
instantaneous position of the tip z are plotted.  

The most simple case is when the interaction depends only on the tip-sample 

distance zz −0 . The complexes behaviors take place, if the dissipative 

phenomena of adhesion, visco-elasticity or capillarity have to be taken into 

account. 

Even in the simple case, ( ) ( )zzFzfts −= 00 , the equation of motion of the system 

is generally non-linear:  
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0

2

2

zzFtFzk
dt
dz

Q
m

dt
zdm c −+=++ ω

ω    (7) 

3.4.3   Non contact resonant mode 

One can describe easily the operation of the linear mode AFM, which 

corresponds to a non dissipative and to an oscillator with low amplitude 

oscillation, far from the surface (z << z0). A first order development of the tip-

interaction force in the equation   (7) leads to: 

( ) ( )zzFzFtFzk
dt
dz

Q
m

dt
zdm c 000

0
2

2

')cos( ++=++ ω
ω    (8) 

where  ( )0' zF  is the gradient force at the central position of the cantilever (see 

figure 5). The constant term ( )00 zF  leads to a shift of the rest position of the tip, 

which is generally negligible in comparison to the oscillation amplitude. One 

gets thus the equation relative to the new relative position: 

( )[ ] )cos(' 00
0

2

2

tFzzFk
dt
dz

Q
m

dt
zdm c ω

ω
=−++            (9) 

The relation (9) corresponds to the equation of motion of a harmonic oscillator 

with the resonance frequency 
( )









−=
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zF 02

0
2
0

'
1' ωω  

 Therefore, the resonance frequency of the cantilever is shifted due to the 

gradient interaction. The gradient force can then be characterized by the 

resonance frequency.  
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3.4.4  Tapping mode  

Tapping Mode AFM that is called also intermittent contact is the most 

commonly used of all AFM modes to probe the topography of soft sample by 

lightly tapping the surface with an oscillating probe tip. The cantilever is 

excited at or near its resonance frequency with amplitude ranging typically 

from 20 to 100 nm, and the cantilever’s oscillation amplitude changes with 

sample surface topography, thus the topography image is obtained by 

monitoring these changes and closing the z feedback loop to minimize them. 

The Tapping mode can be characterized by some advantages in comparison 

with contact mode. First of all, in this mode the force exerted by the cantilever 

onto the surface is weak; this allows to work with softer materials. Moreover, 

the lateral forces that can damage soft samples and reduce image resolution are 

considerably weak in tapping mode.  

In free air, i.e. far from the sample surface, a piezo stack excites the cantilever 

vertically at a constant frequency, causing the cantilever to move up and down. 

As the cantilever moves vertically, the reflected laser beam is deflected in a 

regular pattern over a photodetector, generating a sinusoidal, electronic signal. 

When the cantilever is at the sample surface, although the piezo stack continues 

to excite the cantilever with the same energy, the tip deflects in its encounter 

with the surface. The evolution of the reflected laser beam reveals information 

about the vertical height of the sample surface and characteristics of the sample 

material itself. These material characteristics include elasticity, magnetism, ect. 

The measured signal in volts is proportional to the root mean square of the 

oscillation amplitude. To obtain the cantilever’s vibration amplitude in 

nanometers the conversion factor is obtained from amplitude versus distance 

plot as the one shown in Figure 6. It is assumed that, in the tapping mode case, 

changes in the cantilever base position are identical to changes in the oscillation 

http://www.ntmdt.com/spm-principles/view/semicontact-mode�
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amplitude; therefore, the amplitude sensitivity is obtained from the slope of the 

amplitude versus the z piezo position when the tip is in contact with a hard 

sample.  

 
Figure 6. Experimental amplitude vs. z-Piezo displacement taken on SiO2 wafer. The amplitude sensitivity is 
obtained from amplitude vs. distance curve. This consists in relating vertical displacement (in nm) of the piezo 
with the RMS amplitude in volts measured by the photodetector. This step is made in order to obtain amplitude 
in nanometers instead of volts. 

 
The plot in figure 6 represents the amplitude for one complete extension-

retraction cycle of the piezo. The vertical axis of the graphs represents the 

amplitude in volts, while the position of z-piezo plots along the horizontal axis. 

The cantilever amplitude decreases as the tip moves closer to the sample, and 

the slope in repulsive regime allows the conversion of amplitude in nm. 

A thorough understanding of tapping mode AFM operation requires solving 

the equation of motion of the cantilever-tip ensemble under the influence of tip-

surface forces.  

In tapping mode AFM, the tip oscillates near to the surface and/or the 

oscillation amplitude is high. A first order development of the tip-interaction 

force in the equation of motion (6) is then usually not possible. The cantilever 

motion is described by:  
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Generally, a permanent solution is sought as follows: )cos( φω −= tAz  where A 

is the oscillation amplitude and φ  is the phase difference between the driving 

force and the cantilever response. 

As we will see in the chapter 5, in general, tsf is a nonlinear function of the tip–

sample distance z, which contains both conservative and dissipative forces. 

In tapping mode imaging an important step corresponds to a frequency sweep 

of the cantilever in order to determine its natural frequency.  Qualitatively, the 

amplitude behavior as function of excitation frequency is shown in figure 7. The 

oscillation amplitude and the width of this curve depend on the quality factor 

Q. Increasing Q (i.e. smaller viscosity, operation in relative vacuum) results in 

higher oscillation amplitude and sharper resonance peak. Experimentally, the 

quality factor Q and the resonance frequency can be found from the frequency 

spectrum shown in Figure 7. Q is estimated as: Q = 
ω

ω
∆

03 , where Δω is the 

width of the resonance curve when the amplitude is equal to 2/)( 0ωA . 
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Figure 7. Experimental amplitude (in blue) and phase (in green) versus frequency response of the AFM cantilever. 
From these measurements, resonance frequency and quality factor of the cantilever-tip system are determined. 
The resonance frequency of the cantilever is ω0 = 154.25 KHz. The corresponding phase curve showed a 90° phase 
shift at the resonance frequency, which is required for TM-AFM. The obtained quality factor is Q = 476. It has to 
be noted that the phase is presented here in real degrees (see paragraph phase imaging) 

 
As illustrated in the Figure 7, the cantilever is excited with a piezoelectric 

ceramic.  In one hand, at the resonance frequency ω0, there is a large increase in 

the vibration amplitude of the cantilever. On the other hand, at ω0 there is a 90 

degree phase shift in the cantilever motion with respect to the forcing signal.  

3.4.5  Topography imaging 

When the probe tip interacts with a surface, the resonance frequency shifts to a 

lower value, and there is a corresponding change in the phase and amplitude. 

The average tip-sample  distance being still larger than the amplitude setpoint, 

when tip and sample are brought close to each other interactions between both 

arises. Tip-sample interaction has as consequence, the diminution of oscillation 

amplitude. For topography imaging, the oscillation amplitude is consequently 

kept constant at the so called amplitude setpoint value. The value of the 

oscillation amplitude defines the magnitude of tip sample interaction and then 

controls the average tip-sample distance. If oscillation amplitude gets below the 

set point value, then the vertical position of cantilever base is incremented by the 
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feedback loop. In the opposite case the position is lowered. Measurements of 

the vertical position of cantilever at each x-y point lead to a construction of the 

sample topography. 

Careful selection of the scan parameters is important. The optimal settings for 

the scan parameters depend on the sample and the information required. Main 

experimental parameters set in tapping mode AFM imaging are:  

Drive frequency and drive amplitude which are the first parameters to be chosen. 

For imaging mode, Drive frequency is chosen to be slightly smaller than the 

resonance frequency. 

 Drive amplitude is the amplitude of the force at which the cantilever is driven. In 

the present work, these parameters are fixed from consideration of frequency 

spectra as in Figure 7 in order to fix the target amplitude as follows: 

An important input parameter during a frequency spectrum is the target 

amplitude. For all experiments, the target amplitude was set to 2 volts which 

resulted in free oscillation amplitudes of about 50 nm.  

The number of pixels used to create the images was 256×256. Indeed, the image 

quality is given by the number of lines and the number of pixel per line in the 

final image. 

Image size, it defines the size of the scan by controlling the voltage applied to the 

X and Y piezos accordingly to the size of features that one is looking for. 

Generally, most images were in the range 400-3000 nm. 

Amplitude setpoint, is the value of the RMS of the cantilever vibration amplitude 

that the feedback loop maintains constant for imaging 

 Scan speed, it controls the rate at which the cantilever scans across the sample 

area. In our experiment, it was in the range of 1-4 μm/s. 

Integral and proportional gains that determine how is sensitive the feedback loop 

to variations in the tip's amplitude of oscillation; they were set to values 
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between 0.2-0.4 and 0.4-0.8, respectively. Typically, the settings for proportional 

gain were 35 – 100% larger than integral gain settings. 

Tapping mode AFM measurements presented in this work were obtained using 

two apparatus furnished by Veeco Instruments: Nanoscope Dimension 3100 

and Multimode, both with Extender Modules1

In addition to surface topography, tapping mode AFM provides a phase image 

[3], which is built from changes in the lag between the cantilever oscillation and 

the external excitation. It is a powerful signal for studying the properties of the 

sample surface [4]. Phase images often compliment topography images by 

. In this case, two piezos were 

needed to perform the experiments: one allowing the cantilever to be vibrated 

at its resonance frequency, as it was the case in approach-retract measurements, 

or at a frequency close to its resonance frequency for imaging mode, and a 

second piezo allowing to move the sample. However, in contact mode only the 

Nanoscope dimension 3100 which its laser detector has four quadrants was 

used. Microscopes were mounted on top of vibration isolating systems in order 

to diminish external noise and improve stability. Measurements were 

performed under ambient conditions but also in controlled humidity. 

When the AFM measurement is performed at controlled humidity, the 

microscope is placed inside a glass box. A self made humidifier allowed the 

control of the relative humidity by varying the ratio of dry/wet nitrogen 

flowing into the glass chamber. Humidity was measured using a commercial 

hygrometer with a range of measurements between 0 to 100 %RH with a 

precision of ±0.5 %RH. To avoid local gradients of water vapor, the system was 

left to stabilize for a long time, at least half an hour. 

3.4.6  Phase imaging 

                                                           
1 Extender modules are electronic boxes that enable the microscope to acquire phase signals. 
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mapping the various regions of the sample surface each of which interact with 

the tip in a different way. This difference is sometimes not noticeable in the 

topography image, but clearly visible in the contrast variations in the phase 

image [5]. AFM images in the figure 8 present Topography and phase images 

respectively of a LB film of hydrophobin protein deposited on SiO2 wafer. 

Thanks to the phase image we can distinguish between rodlets formed by the 

protein, while these rodlets are not clearly distinguished in the height image. 

 
Figure 8. Example of the “complementarity” of information collected simultaneously in AFM height and phase 
mode on a LB film of hydrophobin protein deposited on SiO2 wafer. Herein, the rodlets formed by the 
hydrophobin are clearly distinguished in phase image.  

 
The Figure 9 shows the evolution of the phase shift versus excitation frequency 

on. At resonance, the phase shift is 90°, excitation frequencies well below ω0 

result in zero phase shift, while excitation frequencies well above resonance 

produce a phase shift equal to 180°. The phase shift is given as function of 

driving frequency as 
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When the tip interacts with the sample, an interesting interpretation is in terms 

of overall tip-sample interaction defining an attractive regime when φ > 90° or 

repulsive when φ < 90° [6, 7].  
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Figure 9. Phase shift frequency sweep curve upon engagement of the cantilever probe to a sample surface in 
different force regimes. Single harmonic oscillator (blue solid line) and under influence of attractive and repulsive 
forces (dashed lines). 

 

When the cantilever operates under attractive forces, a shift of phase lag curve 

to lower frequencies occurs and the phase lag increases (see figure 9). As the 

cantilever experiences repulsive forces, the curve of phase lag as a function of 

excitation frequency shifts to higher frequencies and the phase lag at ωsp 

changes. In both the repulsive and attractive regimes, the amplitude of 

cantilever is used as feedback parameter to restore the tip surface interaction.  

The contrast in a phase image has been related to surface geometry [8], 

adhesion between the tip and the surface, variation in the elastic and 

viscoelastic properties of the surface [9, 10]. Changes in phase contrast were 

also attributed to the energy dissipated by the tip-sample forces [11, 12]. It 

should be noted that, in our AFM machines (from Veeco Instruments), the value 

of phase shift is not in degrees unit but in ‘Bocek degrees’. Consequently, for 

conversion to degrees unit, I have used the following formula φ = arccos 

(φveeco/90). This relation is given by Adam Bocek (from dimensional instrument 

DI) [13]. However, Bocek conversion given by this formula is only approximate, 
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which means that, transformed phases would be good if their values are in the 

range 90±10 Bocek degrees. 

3.5  Atomic force spectroscopy 

In addition to study of surface topography by AFM, the specific properties as 

well as  local mechanical and physico-chemical properties or chemical 

composition of samples can be investigated [14,15,16]. In this aims force 

spectroscopy has been implemented [17]. Indeed atomic force spectroscopy is 

an interesting technique to measure local interaction force between the AFM tip 

and the surface of sample on the nanometer scale. It is used in a variety of 

research fields including physics, chemistry, biology and engineering [18]. 

While AFM imaging is performed by scanning the sample in the XY-direction, 

force spectroscopy is performed by approaching and retracting the tip in the Z-

direction.  

3.5.1  Amplitude phase distance curves 

In the intermittent contact case, one can observe tip–sample interactions by 

measuring changes in cantilever amplitude and phase versus the tip–sample 

distance, referred in this thesis as apd curves (amplitude phase distance 

curves). 

Experimentally, to ensure better data reproducibility of apd curves, some detail 

must be taken into account. Indeed, when performing apd curve 

measurements, I start with AFM in its imaging mode, in performing the image 

on the point of interest where apd curve will be collected. Then by shifting to 

“force calibration mode” the horizontal scanning of the sample is stopped, and 

the cantilever base is lifted to the starting position where the approach/retract 

cycle starts. However, sometime it occurs that the start vertical position chosen 
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automatically by the microscope is too close to the sample. As a consequence, in 

the lowest point of approach the tip would already be hitting the surface which 

could induce irreversible modification of the tip geometry and damage the 

sample. Therefore, it is necessary to increment the start position by 

incrementing the amplitude setpoint of imaging just before shifting to force 

mode. In my work, all amplitude phase distance curve measurements were 

performed by exciting the cantilevers at the resonance frequency.  

As a result of the applied voltage, the cantilever moves up and down relative to 

the stationary sample as shown in figure 10. The main parameters that must be 

controlled for apd curve measurements are: (i) Ramp size, this parameter 

defines the total travel of the z-Piezo. Increasing the value of this parameter 

increases the horizontal axis scale on the apd plot (figure 11). (ii) z-scan start, 

this parameter sets the offset of the piezo travel. Decreasing the value of this 

parameter shifts the apd curve on the display to the lift, while increasing the 

parameter shifts the curve to the right. This later must be done carefully to 

avoid damaging the tip, because increasing the value of z-scan start implies 

reducing tip-sample distance. (iii) Scan rate, this parameter defines the rate in 

which apd plots are collected. Generally, scan rate was set to 1 Hz for a ramp 

size ranging from 25 to 50 nm. The technical characteristics of   an approach-

retract measurement are given in both figures (10 and 11). In figure 10 the piezo 

travel in force calibration mode is shown, whereas a typical experimental apd 

curve is given in figure 11. 
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Figure 10. Piezo travel in force calibration mode. The z-stop is given by folowing relation : z-stop = z Scan start – 
Ramp size in retracting case and z-stop = z Scan start in extending case. 

 

 
Figure 11. Typical amplitude (in red) and phase (in blue) curves as function of the tip-surface separation obtained in 
tapping mode AFM. Tecnichal characteristics of   an apd curve given in figure 10 (piezo travel) are presented. For 
clarity the retracting parts of the apd curve are not presented here. 

 

3.5.2  Amplitude dependence on tip-sample distance 

Amplitude-distance curves are useful tool to optimize resolution and contrast 

in Taping mode AFM. Indeed, the oscillation amplitude is one of the most 
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important experimental parameters used in tapping mode AFM [18]. Figure 12 

shows experimental amplitude versus distance curve obtained on SiO2 surface 

where the oscillating behavior of the cantilever was measured while the tip is 

approached towards the sample surface using SiO2 tip. 

 
Figure 12. Experimental amplitude versus distance curve measured for SiO2 tip against SiO2 surface 

In the figure 12, the horizontal line in the plot represents the amplitude of the 

oscillations far from the surface (free oscillation). At the point (1), the oscillating 

amplitude starts to decrease as tip-sample distance decreases before showing 

the presence of a transition point corresponding to the nonlinear dynamics of 

the tip-cantilever system in interaction with the surface. Then the amplitude 

decreases with the distance as soon as an intermittent contact happens (domain 

2). As the piezo is extended further, the distance between the tip and the surface 

tends toward zero and oscillation eventually ceases and the amplitude tends 

toward zero. In fact, once the tip encounters the sample surface, the oscillation 

amplitude of the cantilever decreases as the piezo is extended. We can also note 

that the slopes of the lines before and after the transition point are not the same. 

An interesting interpretation of apd curves is term of attractive and repulsive 
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tip-sample interaction [17]. For large tip-sample distance (free oscillation) the 

effect of attractive forces on the oscillation is negligible, whereas at separations 

slightly larger than the free oscillation amplitude, the cantilever starts to sense 

the long-range attractive force. However, the amplitude curve by itself does not 

reveal if its reduction is due to attractive interactions, repulsive interactions, or 

a combination of both interactions [17]. A complementary tool for 

understanding the tip-sample interactions is the phase versus distance curve. 

3.5.3  Phase distance curve 

As I mentioned above, in dynamic AFM mode the oscillation amplitude and the 

phase shift may be recorded. This allows to perform simultaneous data 

acquisition. The dynamic mode may not only reduce the sample damage, but 

also offers the possibility to investigate the sample properties. Thus, in this aim, 

and in order to determine the operating regime, phase versus tip-sample 

separation measurements was recorded.  

 
Figure 13. Experimental phase distance curve performed for SiO2 tip against SiO2 surface: Different tip-sample 
interaction regimes as defined by the behavior of the phase shift are presented. 

In the figure 13, the phase versus tip-sample distance between a SiO2 tip against 

a SiO2 surface is plotted. The different tip-sample interaction regimes are 
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presented. Indeed, using the phase behavior, Garcia et al. [17] were able to 

define two elemental tip-sample interaction regimes present in tapping mode, 

attractive and repulsive. When the average separation between tip and sample 

is so large, the interaction between them is negligible; the phase lag value is 90º 

(this is true if the cantilever is excited at its resonance frequency). As the 

separation is decreased, the tip will experience attractive long range forces 

which is evidenced when phase take values above 90º. There is a transition 

position from a net attractive tip sample interaction to a net repulsive 

interaction which is marked by a jump in the phase curve from values above 

90° to values below 90°. 

In this work, we will show that the phase distance measurements are very 

useful to probe different properties of samples. My work is based on experience 

acquired in our group with phase distance curves on hard samples, trough the 

thesis of R.D. Rodriguez who was able to simulate experimental approach-

retract curves in dynamic mode with van der Walls interactions and contact 

forces given by Dejarguin-Muller-Toporov contact mechanic (DMT). In my 

work, I will extend this experience mainly from the experimental point of view 

taking into account capillary forces as well as visco-elastic one. 

 

3.6  Contact mode 

In contact mode the probe is in continuous contact with the sample during 

scanning and the image is formed using the deflection of the cantilever. The 

forces in contact mode AFM are short-range repulsive forces, and the 

cantilevers used for this mode have force constants that are typically smaller 

than 1 N/m. Despite their small values, the forces are sufficient to generate tens 

of nanometers of cantilever deflection. The stresses applied to the sample 
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during imaging may induce deformation that alters the surface profile. Thus, 

this mode is a priori more appropriate for imaging hard samples. 

 The probe is sensitive to normal forces as well as lateral forces. A feedback loop 

maintains a constant deflection between the cantilever and the sample by 

vertically moving the scanner at each (x,y) data point to maintain this setpoint 

deflection. The deflection of the cantilever spring is directly proportional to the 

tip-sample interaction force. It is detected by the photodiode thorough the 

position of the laser, itself proportional to the cantilever deflection. However, 

there are two measurements required to convert the photodetector signal into 

quantitative value of force. The first stage consists in calibrating the distance 

that the cantilever actually deflects as a function of the change in photodetector 

voltage. This value depends on the type of cantilever but also on the optical 

path of the AFM detection laser. It will be slightly different each time the 

cantilever is mounted in the instrument. Once the deflection of the cantilever is 

known as a distance, z , the spring constant, kc, is needed to convert this value 

into a force F, using the well-known Hooke’s law: zkF c= . In my work, for 

experiments performed in contact mode I have used the nominal spring 

constant furnished by the manufacturer, while the lateral force constant is 

determined according to the described method in the reference [19]. On the 

other hand, for cantilevers used in tapping mode, the Sader method [20] was 

used for spring constant determination. An interesting way to determine spring 

constants consists in attaching a known mass microparticle to the cantilever end 

to measure the deflection caused by the particle’s weight [21]. kc is determined 

by measuring the cantilever resonance frequency, ω, as a function of the added 

mass. The spring constant is then given by the slope of the line obtained from 

added mass versus ω-2 curve. 
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3.6.1  Calibration of the cantilever deflection 

To obtain the cantilever’s deflection in nanometers instead of volts, a force 

curve between a cantilever tip and a hard substrate is used to determine the 

cantilever sensitivity, which relates cantilever deflection to the voltage of the z-

piezo. The sensitivity is given by the slope of the deflection-versus-z curve 

when the tip is in contact with the sample as shown if figure 14. This is a 

measurement of the deflection of the cantilever in nanometers for a given 

movement of the detection laser on the photodetector. A typical force 

calibration curve obtained for SiO2 wafer and Silicon nitride cantilever in 

contact mode is given in Figure 14. The repulsive contact region, where the 

deflection rises steeply upwards, is linear for a hard surface and tip.  

 
 Figure 14. Force curve taken on SiO2 wafer in contact mode. The deflection sensitivity is deduced from the slope 
of the line in repulsive contact region. 

 
Multiplying the deflection of the cantilever in volts by the sensitivity obtained 

from the force curve on hard substrate, the cantilever deflection will be given in 

units of length, and then it is easy to convert to force in Newtons using linear 

Hook’s law explained above. In all experiment performed in contact mode the 
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Si3N4 cantilevers having a nominal spring stiffness of ca. 0.06 N/m were used 

and this value was used to convert the cantilever deflection to the force unit.  

 3.6.2  Force curves measurements 

In addition to the topographic measurements, the AFM can also provide much 

more information using the force curve measurements. This technique allows to 

measure the long range attractive or repulsive forces between the tip and the 

sample surface, elucidating local chemical and mechanical properties of 

samples like adhesion, elasticity and capillarity. Force curves typically show the 

deflection of the free end of the AFM cantilever while approaching and moving 

away from the surface. Experimentally, this is done by applying a voltage to the 

electrodes for the z-axis scanner. This causes the scanner to extend and then 

retract in the vertical direction, generating relative motion between the 

cantilever and sample. The deflection of the free end of the cantilever is 

measured and plotted at many points as the z-axis scanner extends the 

cantilever towards the surface and then retracts it again. The example in figure 

15 shows a typical force versus distance performed for a Si3N4 tip and SiO2 

surface. 

 
Figure 15.  Experimental force curve measurements performed for a Si3N4 tip against a SiO2 surface 
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Several points along a typical force curve are shown schematically in Figure 15. 

The cantilever starts (point 1) without touching the surface. In this region, if the 

cantilever feels a long-range attractive (or repulsive) force it will deflect 

downwards (or upwards) before making contact with the surface. In the case 

shown, there is minimal long-range force, so this part of the force curve shows 

no deflection. As the tip is brought very close to the surface, it jumps into 

contact (part 2) if it feels sufficient attractive force from the sample. Once the tip 

is in contact with the surface, cantilever deflection will increase (part 3). If the 

cantilever is sufficiently stiff, the tip may indent into the surface at this point. In 

this case, the shape of the contact part of the force curve (part 4) can provide 

information about the elasticity of the sample surface. 

After loading the cantilever to a desired force value, the process is reversed. As 

the cantilever is withdrawn, adhesion or bonds formed during contact with the 

surface may cause the cantilever to adhere to the sample (part 5). A key 

measurement of the AFM force curve is the point 6 at which the adhesion is 

broken and the cantilever comes free from the surface. This can be used to 

measure the rupture force required to break the bond or adhesion. In the step 

(7), as the z-piezo continues retracting, the tip continues to move away from the 

surface. There is no further interaction with the sample surface during this 

cycle. 

In my work, the force curve measurements were used in order to measure the 

adhesion force between AFM tip and hydrophobin films. 

3.6.3  Friction 

Friction force is the force opposing relative motion of two objects that are in 

contact with each other. At a nanoscale level, relative differences in surface 

frictional characteristics are identified and mapped by lateral force microscopy 
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(LFM) that is a scanning probe microscopy technique applied with contact AFM 

method.  

In contact mode AFM, the sample can be scanned perpendicularly to the 

cantilever axis. In such case, the frictional force induces a twisting of the 

extremity of the cantilever, which induces a displacement of the laser spot in 

the horizontal plan (figure 16). The determination of this displacement is 

obtained by measuring the intensity difference between the right and left 

photo-detectors. This intensity difference is proportional to the twisting angle of 

the cantilever and hence to the magnitude of friction force. 

 
Figure 16. Scanning and detection with lateral force microscopy (LFM). To measure the frictional forces, the 
sample is scanned perpendicularly to the cantilever axis. The induced torsion corresponds to the horizontal 
displacement of the laser spot over the photo-diodes, it is given by following relation (VA+VC) - (VB+VD). 

 
Indeed, the degree of torsion of the cantilever supporting the tip is a relative 

measure of surface sample friction caused by the lateral force exerted on the 

scanning probe. The torsion, or twisting, of the cantilever will increase or 

decrease depending on the frictional characteristics of the surface (greater 

torsion results from increased friction). Since the laser detector has four 

quadrants (Figure 16), it can simultaneously measure and record topographic 
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data and lateral force data. Both of these data sets may be viewed 

simultaneously in real time, and stored and processed independently. The 

Figure 17 shows a typical friction loop obtained in contact mode AFM for a SiO2 

wafer.  

 

 

Figure 17. Typical friction trace and retrace, performed by AFM measurements for SiO2 surface at the setpoint 3 
v. 

 
In the loop shown in the figure 17, left to right (forward) direction is defined as 

Trace (T) and the right to left (backward) direction as Retrace (R). The larger the 

separation between the friction trace and retrace (TMR), the larger the friction 

force. From Figure 17, it can be noticed that the sign of the friction signal is 

reversed for the Retrace scan compared to that of the Trace scan, which is due 

to the reversal of the torque applied to the end of the tip when the scanning 

direction is reversed. So, peaks in two-dimensional friction voltage signal 

correspond to high friction for Trace data and low friction for Retrace. Lighter 

regions in the Trace friction image correspond to higher values of friction force 

while in the Retrace image; lighter regions correspond to lower friction force. 

 
 The frictional force is an aggregate effect arising from various physical 

phenomena: elasticity, adhesion, viscosity, capillary forces, surface chemistry, 

Trace 

Retrace 

100 nm 
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phononic and electrostatic interaction, etc. Any of them can dominate 

depending on conditions. 

In this work, friction force studies were carried out on the hydrophobin films 

deposited on solid substrates by different ways. Hydrophobin Langmuir-

Blodgett film and Langmuir-Schafer film were investigated as well as 

hydrophobin bi-layers.  Si3N4 cantilevers having a nominal spring stiffness of 

ca. 0.06 N/m were used for friction force studies.  

Friction force was measured under different loads using a 90° scan angle and 1 

μm scan size, for all the experiments. A scan speed of 1 Hz was used. The 

applied load was calibrated according to the procedure explained in the 

paragraph 3.6.1 above. 

The friction voltage signal (half of the difference between Trace and Retrace 

scans) was converted to units of force using the lateral spring constant of 

cantilever, determined taking into account the triangular geometry and the 

elastic properties of the cantilever [19]. The lateral sensitivity of the cantilever 

was determined from the curve of the friction loop [22, 23] recorded each time 

on SiO2 surface on the small scan size (see figure 18). 

 
Figure 18 Trace Minus retrace measured for SiO2 surface using a Si3N4 tip 

 The coefficient of friction of materials μ is defined by the Amonton’s law [24], 

according to which μ is equal to the ratio of friction force applied to a probe, to 

Lateral sensitivity =1/slope of the line 

10 nm 
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the normal force applied to a probe, shifted by adhesive force. Hence, slope of 

the plot between friction force and normal force provided the coefficient of 

friction. 
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4. Langmuir films of hydrophobin protein 

from Pleurotus ostreatus 

4.1  Introduction 

Recently, research on hydrophobins has focused on utilizing their physical 

properties for biotechnological applications. Efforts include modification of 

either hydrophobic surfaces such as porous silicon [1], or hydrophilic surfaces 

such as mica [2] using hydrophobin films. One of the best ways to prepare well 

defined films of controlled hydrophobicity for amphiphilic molecules is 

Langmuir method. As amphiphilic molecules, hydrophobins are applicable for 

Langmuir films. Previously, Langmuir-Blodgett and Langmuir Schaefer films of 

class I and class II hydrophobin proteins have been presented [3, 4, 5]. It was 

shown by AFM imaging in ambient conditions that the monomolecular films of 

both HFBI and HFBII class II hydrophobins obtained by LB transfer onto mica 

substrate present a highly ordered structure, but distinctly different [4]. The 

average thickness of the single-crystalline domains of HFBI was measured as 

1.3 ± 0.2 nm, corresponding to a monolayer thickness. By contrast, the height of 

HFBII domains was not determined by AFM measurement, because of the 

presence of the amorphous regions between the single-crystalline domains. 

Kisko and co-workers [6] have investigated HFBI and HFBII proteins and were 

able to obtain highly ordered hydrophobin multilayers deposited onto SiO2 

surface using LB technique. They deposited sixteen layer LB films. Based on the 

molecular size; the thickness of the 16-layers film should be more than 20 nm. 

However, they measured the thickness of the deposited multilyers using x-ray 

reflectivity technique and found it to be 6.4 nm. They concluded that part of the 

protein material is missing and that some amount of water is also transferred. 
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Since class II hydrophobins are soluble in water, part of them might be washed 

away with the water when the substrate is lifted. A recent study [3] presented a 

self-assembled film of hydrophobin HFBI transferred to a graphite substrate 

using the Langmuir-Schaefer (LS) technique, and thereafter kept and imaged in 

water. The film was highly crystalline and had a thickness of 2.8 nm. This value 

is about 2 times higher than the obtained thickness in ambient conditions given 

in the reference [4] for LB monolayer. This highlights the importance of in situ 

studies. 

To our knowledge, HFBI and HFBII are the only class II hydrophobins that are 

studied by the Langmuir technique to date. On the other hand, the class I that is 

investigated using this technique is HGFI protein from the edible mushroom G. 

frondosa [5]. In the reference [5], using Langmuir films, the authors were able to 

obtain AFM images of both the hydrophobic (LB) and hydrophilic (LS) sides of 

films formed at the air–water interface. No ordered structure was observed for 

HGFI class I hydrophobin. However, homogenous layer is observed by AFM in 

films compressed only once, whereas rodlet structures appear to be formed 

during compression of the film when several compression-expanssion cycles 

were performed.  

In this chapter, we investigated vmh2 class I hydrophobin purified from the 

fungus Pleurotus ostreatus using the Langmuir technique both at the air-water 

interface as Langmuir films, and when deposited onto solid substrates as LB 

and LS films. Most of the results presented in this chapter were published in the 

reference [7]. The experimental isotherm curves obtained at the air-water 

interface were interpreted using the equation of state proposed by Volmer [8] 

and the deposited films were analyzed by Atomic Force Microscopy (AFM) in 

order to understand the assembly process of this protein. Indeed, hydrophobins 

could offer new options for surface modification and nanostructured functional 
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surfaces once the assembly processes and the structural hierarchy, as well as 

their effects on adhesion and surface activity, can be controlled at the molecular 

level. This brings the interest in hydrophobins into the field of nanostructured 

materials. 

4.2  Experimental procedure 

The hydrophobin protein was purified from the fungus Pleurotus ostreatus as 

described in the chapter 1. 

The Langmuir films were prepared in a Nima Tech 632D1D2 LB system 

trough and home trough, using ultrapure water, at pH 5.5, and T = 18.0 ± 0.5 °C 

for the subphase. The required pH of the solutions was obtained by adding a 

suitable amount of HCl. The dried protein, as obtained from the purification 

procedure, was dissolved in 60 % ethanol in ultrapure water in order to get a 

protein concentration of 0.15 mg/mL. This solution is then spread on the 

subphase by the usual micro-syringe technique; small droplets were deposited 

at different places distributed over the whole trough area in order to get a 

uniform distribution at the interface. In order to monitor the interfacial film 

formation, the surface pressure was recorded at constant trough area as a 

function of time after 2000 µL of the protein solution was spread at the air-

water interface on a 1200 cm2 trough. Surface pressure was measured using a 

Wilhelmy plate attached to a sensitive balance with an accuracy of ± 0.5 mN/m. 

Compression of the monolayer was started after the surface pressure had 

stabilized, about 3 hours after spreading. The monolayer was compressed to the 

deposition pressure of 36 mN/m. The Langmuir films were then transferred at 

constant pressure onto SiO2 substrates by the vertical lifting method at a rate of 

10 mm/min to obtain Langmuir-Blodgett films, while silanized SiO2 surface was 

used for Langmuir-Schaefer deposition. For the LB deposition we started by the 
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films deposition at 36 mN/m after only one compression, in the second time we 

have deposited the LB films after several compressions. In order to optimise the 

use of the available hydrophobin sample, we have modified our trough by 

considerably reducing its size (see figure 5) down to 102 cm2. This allowed us to 

save material and then to use fresh solution for each experiment. In this case 

250 µL of the protein solution was spread at the air-water interface. 

The AFM measurements were carried out in the ambient conditions except for 

the results presented in the paragraph (2.4.24) where the measurements were 

performed in dry conditions. In this case, the microscope is placed inside a glass 

box and a continuous flow of dry-nitrogen is established until the relative 

humidity inside the box attained values smaller than 2%. 

4.3  Theoretical basis 

The experimental data were analyzed using the Volmer’s equation [8], which 

describes the equation of state for amphiphilic monolayers [9-11]. In the cited 

references authors show that for monolayers in the Gaseous or Liquid 

Expanded phase, in the case A > Ac  (where A is the actual area per molecule and 

Ac is the area per molecule corresponding to the onset of the phase transition, 

i.e., when Π  = Π c), the equation of state is 

cohA
mkT

Π−
−

=Π
ω

            Equation 1 

where Π  is the surface pressure, k is the Boltzmann constant, T is 

temperature, ω  is the limiting area of a molecule in the gaseous state, A is the 

area per molecule, Пcoh is the cohesion pressure, accounting for the 

intermolecular interactions and m is the number of kinetically independent 

units, accounting for the aggregation. As reported in ref [12], Eq.1 can be used 

to analyze protein surface films. 
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4.4  Results and Discussion 

4.4.1  Analysis of Langmuir film at the air-water interface 

The surface pressure versus area isotherm is shown in Figure 1. The isotherm 

features a smooth rise of the surface pressure, and a collapse point close to 40 

mN/m.  

 

Figure 1. Surface pressure Vs. Area isotherm of class I hydrophobin at air/water interface @ pH 5.5. Note that the 
surface pressure is plotted as function of the trough area instead of the usual molecular area because of the film 
solubility in the subphase. 

With reference to Figures 1, 3 and 5, we want to point out that the surface 

pressure is plotted as a function of the trough area instead of the usual 

molecular area. In fact we noticed that the film at the interface exhibits a 

molecular depletion in the subphase. This feature becomes evident in Figure 2 

where the area as a function of time is plotted, in order to keep constant a given 

surface pressure value. A decrease about 19% in the area over a period of 20 

min was observed. 
 



66 

 

 

 

Figure 2. (a) Area Vs. Time curve to keep constant a given surface pressure value. In this case the surface pressure 
is set at 14 mN/m. This plot points out the molecular depletion. (b) By exponential fit of the onset of the trough 
area vs time curve where the pressure area is kept constant at 14 mN/m, we estimate the characteristic time of 
the process to be of the order of a few 102 s. 
 

From this plot we estimate the surface molecular depletion characteristic time to 

be of the order of a few hundreds of seconds. We want to stress that in such 

cases, i.e. when the surface molecules number depletes, experiments should be 

performed in a time much shorter than the characteristic time of the depletion 

process, in order to be allowed to consider constant the number of molecules at 

a 

b 
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the interface during the whole experiment. Nevertheless this condition cannot 

be always fulfilled, as the compression speed cannot be made arbitrarily high 

because of possible instabilities in the Langmuir film structure. As a 

consequence, the actual number of molecules at the interface is generally 

unknown. In order to estimate the parameter n, i.e. the number of hydrophobin 

molecules present at the air-water interface, we compared the experimental 

isotherms to the equation of state expressed by Eq. 1. To do this we express the 

parameter A, i.e. the area per molecule, as the ratio between the trough area S 

and the number n of molecules present at the interface. Therefore Eq. 1 is 

modified as follows: 

                              coh

n
S
mkT

Π−
−

=Π
ω

                        Equation         2 

Equation 2 was then used to fit the experimental isotherm. Figure 3 shows the 

experimental (open circles) and the calculated (blue solid line) isotherms of the 

hydrophobin film. As one can see, this curve does not fit very well all the 

experimental points. We believe that the reason is associated with the surface 

molecular depletion, making the numbers of the molecules at the air-water 

interface not constant during the compression process. In order to validate this 

hypothesis, we performed a further fit over 10 subsets of the experimental 

points obtained by dividing the whole isotherm in 10 parts, providing that at 

least a few tens of points are considered for each data set. 

This allowed us to virtually make faster the experiment by considering, for each 

fitting session, data collected in a fraction of the time needed for the whole 

isotherm acquisition. As result, we got a very good agreement between the 

experiment and the theoretical model. In doing this, we also noticed that the fit 

quality, expressed by the χ2 value, although very good, reduces when the 

pressure increases. This may be due to the fact that the molecular depletion 
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becomes more important at higher surface pressure values. The resulting curves 

are joined in the red one reported in Figure 3. From both of the fitting methods, 

we obtained the same order of magnitude for the parameter n, in the order of 

1014 molecules. From the same fit, we were also able to estimate the remaining 

parameter values in the model (eq. 2), summarized in the Table 1. 

 

Figure 3. Experimental (open circles) and best fit from Volmer’s equation (red and blue solid lines) isotherms for 
hydrophobins film. The blue solid line corresponds to the fit curve performed over all the experimental points. 
The red solid line corresponds to the fit performed on subsets of the experimental data (see the text for details). 
The values of the model parameters of equation 2 are listed in the table above.  

Parameter Whole Curve Fitting Subsets Fitting (range) 

m 60 10 ÷ 40  

ω (nm2) 10-2 1 ÷ 5 

Пcoh (N/m) 10-2 10-3 ÷ 10-2 

n 1.5×1014 4×1014 ÷ 6×1014 

χ2 1.1×10-6 1.25×10-10 ÷ 4×10-8 

 

Table 1. Parameter values of equation 2 as calculated from the best fit of the experimental isotherm for 
hydrophobin film at 18 °C. In the second column are listed the obtained fitting parameters related to the whole 
isotherm fitting, whereas in the third column is reported the range of the same parameters obtained by fitting 
the isotherm part by part. 
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We point out in particular that the obtained value for the parameter m is 

consistent with those reported in Ref [12]. Also the obtained values for the 

molecular area ω are in the correct order of magnitude for this kind of 

molecules, if we consider the second fit. Indeed, the diameter of the protein is 

approximately 2.5 - 3 nm, leading to a molecular area of the order of 7 nm2 as 

explained in the first chapter. 

By comparing this result to the number of molecules present in the 

hydrophobin solution as introduced into the Langmuir trough, 2.5×1015 

molecules, we deduce that only about 1/10 of the total molecules contribute to 

the interfacial film formation. On one hand, one part of molecules went to the 

subphase when the hydrophobin molecules were introduced at the surface of 

water. Indeed, due to their nature, the hydrophobin molecules are not dissolved 

in volatile solution which allows to amphiphilic molecules to float at the 

interface, but they are dissolved in solvent mixture of 60 % ethanol in ultrapure 

water to avoid aggregates formation in solution. On the other hand, other 

molecules form aggregates at the interface or go to the subphase during film 

compression.  

Using the obtained n values, we can now plot the experimental isotherm as a 

function of the area per molecule (Figure 4).  
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Figure 4. Experimental isotherm for the hydrophobin film as a function of the area per molecule, calculated as 
S/n, were S is the trough area and n = 5 1014 is the estimated number of hydrophobin molecules existing on the 
air-water interface as deduced from the experimental data fit. 

 
The effect of the surface molecules depletion is also evident in the 

compression-expansion cycle shown in Figure 5. In fact, the expansion curve is 

shifted toward lower areas with respect to the compression curve. For HFBI and 

HFBII hydrophobins other authors attributed this shift to the formation of 

aggregates [4]. The formation of various aggregates by hydrophobins was noted 

very early. Takai described the formation of ‘‘rods’’ and ‘‘fibrils’’ by cerato-

ulmin [13].   

The observed molecular depletion in our system is certainly at least partly 

associated with the formation of aggregates during the film compression that 

do not disassemble during the expansion. This hypothesis is supported by the 

AFM analysis. 

. 
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Figure 5. Experimental compression-expansion isotherm. The shift between the two branches is due to the 
molecular depletion occurring through the formation of hydrophilic rodlets. 

4.4.2  Characterization of deposited hydrophobin films 

Using Langmuir trough, we were able to obtain Langmuir films formed at the 

air–water interface. These films were then transferred onto solid substrates. For 

Langmuir films deposition, we have used two different methods: Langmuir-

Blodgett (LB) technique that allows to obtain hydrophobin film with 

hydrophobic surface in contact with air. In this case SiO2 surfaces have been 

used as substrates.  On the other hand, Langmuir-Schaefer (LS) technique has 

been also used. This technique allowed us to obtain hydrophobin films with 

hydrophilic surface in contact with air. Silanized SiO2 substrates were then used 

for film deposition. 

Using atomic force microscopy (AFM), we have demonstrated that vmh2 

hydrophobin protein formed homogenous films by both LB and LS techniques, 

with low roughness that is about 0.25 nm (see figures 6). The AFM images show 

that the the topography of both films is similar. This is normal, because the 
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films are the made from the same molecules and not modified by the interaction 

with substrate. 

 

 

Figure 6. AFM topography and phase images of the obtained homogenous films: (a) LB film and (b) LS film, height 
scale 10 nm and 7 nm respectively. 

On the other hand, the thickness of deposited films by both techniques was 

measured by AFM method thanks to some holes that exist into the films, as 

shown in the AFM images accompanied with cross section presented in the 

figure 7. The measured values were similar in both cases; they were about 2.5 ± 

0.4 nm. It has to be noted that we had not access to films thickness using x-ray 

reflectivity technique because the thickness is too small to be detected by this 

method. Moreover, as it will be discussed later, when repeated compression-

expansion cycles were performed, we have demonstrated that the aggregates 

a 

b 
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under form of rodlets which is characteristic of class I hydrophobins were 

formed. These rodlets are very difficult to dissolve and typically pure trifluoro 

acetic acid has been used for the purpose of dissolving these assemblies. This 

property makes them useful for application in nanotechnology [14]  

 

Figure 7. AFM topography image and cross profile of:  hydrophobin LB monolayer (a), and LS monolayer (b), 
showing the accurate film thickness determination. 

4.4.2.1  Modification of wetting properties of surfaces 

We have investigated the wettability of the obtained hydrophobin films by 

performing contact angle measurements as illustrated in figure below, with the 

help of I. B. Malham (from INSP). We found that, the hydrophobin LB film 

exhibits a hydrophobic nature characterized by 81° contact angle. In contrast, 
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hydrophobin LS film displays a hydrophilic nature characterized by 43° contact 

angle (figure 8). This is consistent with the expected result. The surface of LB 

film should be hydrophobic, because, due to the LB method transfer on 

hydrophilic surface, hydrophobin molecules will adhere to the substrate by 

their hydrophilic parts, whereas the hydrophobic ones are exposed to the air. In 

contrast, the surface of LS film should be hydrophilic, since in the LS method 

transfer on hydrophobic surface, the hydrophobic side of monolayer will orient 

towards the solid surface, while the hydrophilic parts are exposed to the air. 

This is also consistent with results reported by other authors [15] which 

measured the contact angle on Teflon coated with a 10 nm thick by immersion 

in an aqueous solution of a class I hydrophobin, and found that the wettability 

of the hydrophilic side of assembled class I hydrophobins varies with a contact 

angle ranging from 36 to 63°. However the contact angle reported by 

Scholtmeijer et al [16] at hydrophobic side ranges from 115 to 121° for Sc3 

hydrophobin. This variation in the wettability of hydrophobin coating is 

associated with the conformational change, as suggested by Janssen et al. [17] 

which have showed that, the transition from the α-helical form to the β-sheet 

state was accompanied by increased water contact angles. This may be also due 

to the deposition techniques, since the hydrophobins are often deposited on 

solid surfaces by immersion in aqueous solution or by incubation, resulting in 

uncontrolled thickness of the deposited films. In contrast, the LB and LS 

techniques allow to obtain the hydrophobin layer with well defined thickness. 
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Figure 8. Water contact angle on LB hydrophobin films: (A) LB film deposited on hydrophilic SiO2 surface and (B) 
on LS film deposited onto hydrophobic silinized SiO2 substrate. 

We have thus shown that with the hydrophobin protein, we can modify the 

wettability of a surface. Indeed, the hydrophobin LB monolayer turns the 

hydrophilic surface of SiO2 into a hydrophobic one, while the hydrophobin LS 

monolayer turns the hydrophobic surface of silane into a hydrophilic one. This 

result is in agreement with results reported by other authors for other type of 

hydrophobins [18-21]. This is very interesting because the ability to switch 

between two different wettability regimes could be an important feature in 

designing bioactive interfaces for miniaturization not only of biosensors but 

also of medical devices [22]. The property of hydrophobins to self-assemble at 

hydrophilic-hydrophobic interfaces makes them interesting candidates for use 

in medical and technical applications [23]. On the other hand, the LB and LS 

techniques are particularly interesting methods to probe the different properties 

of the hydrophobic and hydrophilic parts of the same molecule, as it leads to 

films better controlled than ones obtained by incubation. 
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4.4.3  Characterization of Hydrophobin LB film transferred onto SiO2 

surface after repeated compression 

We have seen in the precedent section that the LB and LS techniques allow to 

obtain homogenous monolayers when the films at the air-water interface are 

compressed once. In contrast when the films at the surface of water are 

compressed several times, AFM observations of LB hydrophobin film deposited 

onto hydrophilic SiO2 substrates have revealed the formation of two kinds of 

assemblies: rodlets structure and homogeneous film (figure 9). This indicates 

that formation of rodlets occurs during compression of the film, which means 

that the compression triggers the aggregation process. Interestingly, this is a 

way to form different forms of assemblies from hydrophobin protein using the 

Langmuir trough. Recently L. Yu and co-worker [5] presented AFM images 

showing HGFI class I hydrophobin rodlets obtained by the Langmuir 

technique, but depending on the number of compression, only homogeneous 

film or only rodlets were observed. 

 
 
 

 
Hydrophobin LB monolayer 

Rodlets 

a b 
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Figure 9. Tapping mode AFM characterization of hydrophobin LB film on SiO2 wafer. Topography image (a) 
and phase image (b); the size of both images is 2 × 2 µm2 and height scale 7 nm. (c) cross section that refers to the 
phase image. The phase difference between the top of rodlets and the surface of monolayer is about 8-10°. It is 
to be notted that the phase is presented here in real degrees and not in veeco degrees. 

 

The thickness of the homogeneous film is measured by AFM by taking the cross 

section on the edge of the film along the line marked by the arrow, as shown in 

the figure 10 (the arrow in the left is placed in a hole, the other one is placed 

over SiO2 surface without hydrophobin), it is about 2.5 nm. We can note that 

this value corresponds to the measured thickness for LB and LS hydrophobin 

films. Thus, the obtained homogeneous film in this case corresponds to the 

monolayer shown in the figure 7a when the LB film was deposited after one 

compression.   

From figure 11, we have been able to estimate the rodlets size. The AFM image 

shows that the height of rodlets, measured from the upper surface of the 

monolayer, is about 2.3 nm. Consequently the height of rodlets is ca. 4.8 nm, 

(2.3 + 2.5 nm). The rodlets length ranges from 50 to 105 nm, and the width 

ranges from 19 to 24 nm. This last value has to be considered carefully because 

of the probe broadening effect. Taking into account a broadening by a 10 nm 

end radius tip, an actual rodlets width ranging from 6 to 11 nm appears 

consistent with our data and in agreement with data reported by other authors 

Cross section relative to the phase image c 
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[24] for different hydrophobins. On the contrary, measured heights are 

unaffected by the tip convolution effect and give a more reliable indication of 

particle size, as well as the length if it is significantly larger than 10 nm.  

 

Figure 10. AFM topography image and section analysis of a hydrophobin LB film deposited on a SiO2 substrate. 
The thickness of the monolayer is estimated as ca. 2.5 nm, image size is 1.50 × 1.50 µm2 and height scale 7 nm. 

 

Figure 11. AFM topography images and section analysis of hydrophobin LB film deposited on silicon substrates: 
from (A) we estimate the rodlets height with respect to the LB monolayer as ca. 2.3 nm, image size is 1 × 1 µm2 
and height scale 7 nm.  
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The obtained thickness of monolayer is consistent with the result obtained by 

Wang et al. [25] for SC3 hydrophobin by ellipsometry measurements. They 

determined the thickness of the membrane formed at an air-water interface 

after several hours of incubation. When protein concentration was high (100 

mg/ml), the membrane thickness after 10 min was determined to be 2.3 nm, and 

it slowly increased to the maximum of 3 nm after 5 hours incubation. This is 

may be due to the fact that the membrane formed at low protein concentration 

is less compact; either a larger space exists between molecules, or the 

orientation of the protein in the membrane is different. 

4.4.3.1  A possible model for rodlets formation  

Rodlets formation as bilayer: As it can be clearly observed in the phase image 

reported in Figure 6, a phase contrast exists between the top of the rodlets and 

the underlying monolayer, indicating that the AFM tip does not interact in the 

same way with the monolayer and the rodlets. Because of the LB film transfer 

procedure the upper surface of the hydrophobin LB monolayer must be 

hydrophobic as indeed verified by contact angle measurements. If we interpret 

this difference of phase contrast in terms of hydrophobicity, we could expect 

the upper surface of the observed rodlets to be hydrophilic. Hence the rodlets 

could be actually fragments of bilayer, whose hydrophobic sides are in contact, 

sinking in the LB monolayer (Figure 12). However, the molecular arrangement 

presented in the figure 12 may be more complicated than this, because the 

secondary structure of hydrophobins may change when they form rodlets, 

resulting in the changes in morphology [26]. The conclusion that the observed 

rodlets are hydrophilic would then suggest a possible molecular depletion 

mechanism: hydrophobins self-assemble into hydrophilic rodlets that can easily 

sink in the subphase. Other authors reported observations of the rodlets for 

other types of class I hydrophobin [27-29]. These rodlets are presumed to be 
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insoluble in water and have not been shown to exist in solution [30]. It is 

noteworthy that in our sample the rodlets concentration is very high in the 

sample area close to the upper end of the film (Figure10). This may likely due to 

the fact that the rodlets are preferentially formed close to the meniscus. This 

strongly suggests that the rodlets are formed at the air-water interface, as also 

discussed in Ref. [5]. 

Rodlets formation as monolayer: Although the described model of rodlets 

formation at the air-water interface as a hydrophilic bilayer using a Langmuir 

trough seems possible, due to the hydrophobin properties described in the 

chapter 1, especially related to the conformational change, another structure for 

the rodlets is possible. Indeed, the rodlets could be formed as monolayer as 

suggested by other authors [27]. In this case, since hydrophobin molecules 

adhere to the substrate by their hydrophilic part when the film is deposited by 

LB technique, the upper surface of rodlets should be hydrophobic. As we have 

highlighted by AFM measurements, the rodlets thickness is about 2 times 

higher than thickness of monolayer (figure 11). This suggests that the protein 

may adopt an extended conformation when rodlets are formed. This is already 

suggested by Zangi et al. [31] and Wösten et al. [32] concerning SC3 

hydrophobin molecules for the same reason. At this point, both monolayer and 

rodlets are hydrophobic. However, as we have shown in the figure 6, the AFM 

tip-monolayer interactions and AFM tip-rodlets interactions are different. This 

could be due to the fact that, the hydrophobin molecules may contain 

hydrophobic parts that can present different degrees of hydrophobicity. 

Consequently, the rodlets show a hydrophobic side different from the 

hydrophobic one shown by the monolayer. And hence, during scanning of the 

sample, the tip interacts distinctly with the top of monolayer and the surface of 

rodlets. 
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Figure 12. Oversimplified scheme of the molecular arrangement inside the LB monolayer and the observed 
aggregates.  

4.4.3.2  Imaging of hydrophobin LB film in dry conditions 

In order to understand the hydrophilicity properties of rodlets, the AFM 

imaging for hydrophobin LB film was performed in dry atmosphere (i.e 2 

%RH). Figure 13 below shows the topography and phase AFM images 

associated with the cross section related to the phase image. 

 

a b 
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Figure 13. AFM images of hydrophobin LB film: (a) topography image, (b) phase image. image size is 1 × 1 µm2 
and height scale 4nm. (c) cross section that refers to the phase image. The phase difference between the top of 
rodlets and the surface of monolayer is about 2°. The phase is presented here in real degrees. 

By comparison between the phase difference obtained between the top of 

rodlets and the surface of monolayer obtained in dry conditions (figure 13) and 

that obtained in ambient conditions (figure 9), we note that the phase contrast is 

considerably reduced; from ca. 8-10° in ambient conditions to ca. 2° at dry 

conditions. This could be interpreted in term of capillary forces that take part in 

the tip-rodlets interactions for the AFM measurements performed in ambient 

atmosphere, while at dry conditions the capillary effect is absent. The capillary 

interactions will be developed in the chapter 5. 

The phase difference between the top of rodlets and the surface of monolayer is 

not significant. Because of the difference of height between the rodlets and the 

monolayer, this phase difference may be due to the artifacts related to the 

experimental parameters set in AFM imaging as setpoint amplitude and drive 

frequency. At this point, this AFM observation in dry conditions did not give us 

enough information capable to support one of the theses given above about the 

rodlets formation. For this aim, I have performed the approach-retract curves 

on rodlets but also in the LB monolayer; the results will be presented in the 

chapter 5.  

Cross section relative to the phase image C 
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4.5  Conclusion 

In this chapter we have investigated the formation and the features of 

Langmuir films of class I hydrophobin from Pleurotus ostreatus. Compression-

expansion cycles and constant pressure measurements demonstrated that the 

film at the air-water interface exhibits a molecular depletion toward the 

subphase. As consequence the number of molecules at the interface, and hence 

the area per molecule are unknown. In order to estimate the surface molecular 

concentration we analyzed the experimental pressure-area isotherms using a 2D 

equation of state Volmer-like. Moreover, when the Langmuir films are 

transferred onto solid substrates by LB and LS techniques, AFM observations 

revealed the formation of homogenous films with lower roughness. 

Furthermore, AFM images of the hydrophobin membrane after repeated 

compression cycles showed rodlets coexisting with LB monolayer.  From these 

measurements we were able to estimate the rodlets size and the monolayer 

thickness: we suggest two possible models for rodlets formation: (i) the 

observed rodlets are actually formed by hydrophobin bilayers embedded in the 

LB monolayer. In this case, the observed rodlets could be hydrophilic 

supporting the hypothesis about a possible depletion mechanism occurring at 

least partly through the formation of hydrophilic rodlets. (ii) The rodlets can be 

formed as monolayer. In this case, the upper surface of rodlets should be 

hydrophobic when the film is deposited by LB technique suggesting that the 

protein adopts an extended conformation when the rodlets are formed.  
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5. Beyond Topography using force 

spectroscopy measurements 

5.1  Introduction 

The atomic force microscopy has received an increasing attention during the 

last decade, and the number of possible applications of this technique increased 

significantly. In parallel, different modes of operation were developed in order 

to adapt the instruments according to the requirements given by specific 

sample types and scanning conditions [1].  In particular, different dynamic 

modes based on an oscillating cantilever driven by an external driver are 

applied to obtain topography of sample surface but also additional material 

specific properties. The atomic force microscope is a powerful tool for imaging 

a variety of systems and structures at the nanoscale [2-5] and characterizing 

them to get information about the local physico-chemical properties at 

nanoscopic scale [4].  

The goal of this chapter is to develop a better understanding of the surface 

properties of the hydrophobin protein films when deposited onto solid 

substrates using force spectroscopy. It has to be noted that the hydrophobin 

proteins have been mostly investigated using scanning probe microscopy only 

in its topographic mode, although the force spectroscopic mode can provide 

meaningful information about the properties of samples. Its use for 

hydrophobins investigation remained very limited. To date, only three papers 

in the literature have studied the hydrophobins assemblies using the force 

spectroscopy [6] or the lateral force microscopy [7, 8].  Wang and co-worker [8] 

have reported an approach to modify the poly(dimethylsiloxane) (PDMS) 

surface with a class II hydrophobin HFBI. They employed the force curve 
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measurements in contact mode AFM with the Si3N4 tip functionalized using the 

protein bovine serum albumin (BSA) in order to probe the interaction between 

the tip and the surface of sample. They showed a weak adhesion force of 0.39 ± 

0.01 nN between  the BSA modified Si3N4 tip and the PDMS surface without 

hydrophobin, while a stronger one between the tip and the HFBI modified 

PDMS surface was revealed as 13.69 ± 0.01 nN. They attributed this stronger 

adhesive force between the BSA modified tip and HFBI modified PDMS surface 

to the conversion of PDMS surface groups from methyl to amine. This leads to 

the hydrogen bond formation between the tip and the amino functionalized 

PDMS surface. They concluded that the modification of the PDMS surface using 

HFBI biofilm turns the hydrophobic surface of PDMS to the hydrophilic one. 

This is consistent with the XPS and contact angle measurements that were 

reported in the same reference. However, the main problem associated with this 

study is that they did not take into account the possible formation of meniscus 

between tip the sample during AFM measurements. 

On the other hand, de Vocht et al. [7] investigated the self-assembly of SC3 class 

I hydrophobin using the lateral force microscopy measurements performed in 

ethanol solution by chemically modifying the Si3N4 tip with amid groups. They 

highlighted a higher interaction between the hydrophilic AFM tip and 

hydrophilic surface of SC3 film. However, as I will demonstrate later in this 

chapter, I have found a strong interaction between the hydrophilic SiO2 tip and 

hydrophobic surface of vmh2 hydrophobin. 

In Tapping Mode, information on forces between AFM tip and sample may be 

obtained by measuring changes in phase lag, or/and amplitude of cantilever 

oscillation as a function of tip-sample distance. This allows to get information 

about the physico-chemical properties of sample at a  nanoscale resolution. In 

this chapter I will present the local properties investigation of the hydrophobin 
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films which were probed using atomic force spectroscopy in taping mode. I 

have determined the Hamaker constant related to van der Waals (vdW) forces 

of hydrophobin films from the phase versus distance curves, using an approach 

developed by R. D. Rodriguez [9] to analyze the region of the weakly 

interacting regime that is enclosed by a rectangle shown in figure 1. I have 

investigated the influence of the relative humidity on phase lag while operating 

an AFM in the tapping mode and studying the position of the jump from the 

attractive to the repulsive regime (see figure 1). I then give a demonstration of 

the use of AFM in Tapping Mode to characterize wetting properties as a 

function of humidity between hydrophobin films and AFM tip. It is shown that 

the formation of capillary meniscus can be detected at the nanoscale using 

approach-retract curves. Finall the presence of visco-elasticity in the tip-sample 

interactions directly linked to changes in phase was evidenced. 

5.2 Experimental procedure  

Hydrophobin films were prepared as described in the chapter 1. Force 

spectroscopy measurements have been performed using AFM in tapping mode 

at ambient humidity (ca. 40 % RH) and in dry conditions. Unlike the imaging 

mode, all approach-retract curves measurements were performed by exciting 

the cantilever at the resonance frequency. When the AFM scanner is operated 

controlled humidity, the microscope is placed inside a glass box. A self made 

humidifier allowed the control of the relative humidity by varying the ratio of 

dry/wet nitrogen flowing into the glass chamber. Humidity was measured 

using a commercial hygrometer with a range of measurements between 0 to 100 

%RH with a precision of ±0.5 %RH. To avoid local gradients of water vapor, the 

system was left to stabilize for a long time, at least half an hour.  Resonance 

frequency and Quality factor of the cantilever-tip system were determined 

experimentally from the resonance spectra as explained in the chapter 3. The 
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value of the quality factor was 20% lower in comparison to its free oscillation 

value as a consequence of changes in hydrodynamics of the surrounding air 

induced by the proximity of the sample surface [10]. We will see later that this 

error will play a role on the deduced values of tip radius but not on the 

deduced values of Hamaker constant. Free oscillation amplitude A0 of the 

cantilever was determined from experimental approach-retract curves giving 

the variation of amplitude oscillations of cantilever as a function of tip-sample 

separation where A0 corresponds to the amplitude when the tip is far from the 

sample (see figure 12 Chapter 3). Cantilever spring constant was determined 

taking into account its rectangular geometry using the Sader method [11]. Each 

series of experiment for all samples is carried out in the same conditions (i.e. 

same cantilever, same quality factor and same spring constant). In order to 

ensure that the tip radius remains unchanged during the measurements, the 

onset of the attractive forces in the phase distance curves measured for SiO2 tip-

SiO2 surface before and after the measurements was analyzed. Only when the 

obtained tip radius was the same before and after measurements on the 

hydrophobin films, I recorded the measured data of the samples. 

5.3  Theoretical aspect of the tip-sample interactions 

5.3.1  Van der Waals force 

The magnitude of the Hamaker constant reflects the strength of the vdW force 

between two particles, or between a particle and a substrate. It depends on the 

material properties of the interacting bodies and the intervening media [12]. 

Determination of Hamaker constants is an important field of research. A 

macroscopic approach based on quantum field theory, for determining 

Hamaker constants has been developed by Lifshitz [13]. In this approach, 

accurate calculations of Hamaker constants require the knowledge of the 
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dielectric and optical properties of the interacting materials over the entire 

frequency range of the electromagnetic spectrum. In general, this information is 

not readily accessible. Another approach is based on the measurement of force-

distance curves using AFM in contact mode or surface force apparatus (SFA) 

[14] and a method based on the linear relationship of the yield stress with the 

square zeta potential (LRYSSZP) [15]. However, contact mode AFM method is 

limited by the instability introduced by the jump into contact, whereas SFA 

technique is adapted only to certain substrates such as mica support. On the 

other hand the (LRYSSZP) method is applicable only for particles in suspension 

in the liquid medium. 

In this chapter, we have used the atomic force microscopy in dynamic mode by 

analyzing the phase versus tip-sample separation; we are concerned in this 

section by the weakly interacting regime that is indicated by a rectangle shown 

in figure 1 where long-range forces dominate. The important advantage to use 

tapping mode AFM is not only because it is a no-destructive method for soft 

and hard materials characterization, but also the fact that it can be operated in 

air, liquid and vacuum. This method has already been used previously, for 

example for a Ni tip interacting with a mica surface [11]. However, each time 

the tip radius was unknown which is a sever limitation for an exact 

determination of the Hamaker constant. Only recently in our group [9], we have 

developed a precise determination of the tip radius and consequently obtained 

a precise determination of the Hamaker constant of the SiO2-SiO2 system. 

During AFM measurements, the first large distance contribution to the 

interaction between tip and sample is the long-range attractive van der Waals 

force, where the tip is assumed to be a sphere of radius R whereas the sample 

can be assumed to be flat. 
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For the sphere-flat geometry the van der Waals forces are represented by the 

relation [17]:  

 

where d is the tip-sample distance. This long-range force is directly related to 

the Hamaker constant H. 

 
Figure 1. Experimental phase distance curve performed for a SiO2 surface  

Following the harmonic approximation, the effect of the tip-sample interaction 

can be accounted for as a shift in the effective spring constant of the cantilever 

[18]: ,σ+= kkeff where σ represents the sum of the force derivatives for all 

forces iF  acting on the cantilever 
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where m, 0ω , ω , Q are respectively the effective mass, the resonance frequency, 

the vibrational frequency and the quality factor of the cantilever. Provided that 

σ is very small with respect to k. The phase angle φ when the cantilever is exited 

at its resonance frequency is given by: 









= −

σ
φ

Q
k1tan  

If the cantilever is excited at its resonance frequency, the value of the phase 

when the tip is far from the sample (i.e. without tip-sample interaction) is φ0 = 

90°. The expression for the phase shift Δφ = φ-φ0 between the free and 

interacting cantilever is given by: 
k

Qσφ ≈∆ . For van der Waals force, one gets 

the following equation in the framework of the harmonic approximation: 
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where the tip is represented as a sphere of radius R; Q is the cantilever quality 

factor, H is the Hamaker constant and d is the relative displacement between tip 

and sample.  

Generally speaking, we are interested in this chapter by two important features: 

the attractive regime where the van der Waals forces dominate, in particular, 

the section of the phase curve where the onset of the attractive forces appears as 

indicated by the rectangle in figure 1 above, but also the position of the jump 

between attractive and repulsive regime (see figure 1). Although the harmonic 

approximation is generally not suitable to describe the dynamics of Tapping 

Mode due to the nonlinear effects that arise in the case of complex tip sample 

interaction and large cantilever amplitude, we will use it only for large tip-

sample separations in which vdW force starts taking place. As previously 

shown, this allows to obtain an analytical expression that links the phase shift to 

the gradient of the interaction forces (see Eq. 1). In fact, by numerical 
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simulations for the SiO2 tip-SiO2 sample interaction, it has been previously 

demonstrated that the equation 1 is valid and the range within it holds has been 

defined (i.e. the region shown in a rectangle in Figure 1) [9]. 

In that reference a phase distance curve was obtained by numerical integration 

of Equation 2 shown below. The modeling by Equation 2 of the region shown in 

a rectangle in Figure 1 is presented in figure 2.  

 

where                    

Equation 2. 

As previously described in chapter 3, z is the position coordinate of the 

cantilever, ω0 and kc are its resonance frequency and force constant in free 

oscillation respectively, m is the effective mass of the tip-cantilever system,

( )tF ωcos0  represents the external driving force exiting the cantilever at the 

frequency ω. Dissipation with the surrounding atmosphere is taken into 

account by introduction of the term Q2
0ωβ = . 

Tip-sample interaction )(zFts was associated with long range van der Waals 

force  26z
HRFvdw −=  and contact forces given by Derjaguin-Muller-Toporov 

contact mechanics (DMT): ( ) 2
0

3
0

*

63
4

a
HRzaREFDMT −−=  where 

πγ240
Ha =                                          

is an  intermolecular distance, *E  is the reduced elastic modulus of tip and 

sample, γ is the surface energy, H is the Hamaker constant and R the tip radius. 
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Figure 2. The square symbol is a numerical solution to Equation 2 calculated for a given average tip sample 
distance. It corresponds to a high resolution curve section (zoom) of the phase-distance curve marked by a 
rectangle in Figure 1. Continuous red line is given by numerical fit of Equation 1 to the symbol curve (solutions to 
Equation 2).  
 

As shown in figure 2, at long distance the numerical fitting using equation 1 fits 

well the numerical solution to equation 2. Therefore, the harmonic 

approximation can be used for accurate Hamaker constant determination. 

5.3.2  Wetting phenomenon and capillary forces 

5.3.2.1  Introduction 

The wetting phenomenon can be illustrated considering a small amount of 

liquid in contact with a solid. In one extreme case the liquid can wet the solid so 

well that it spreads completely. In the other extreme it avoids any contact with 

the solid and the droplet retains its individuality upon contact. The wetting 

depends on the affinity of the liquid for the surface. If the liquid is water and 

the surface is hydrophobic, no wetting is expected. Conversely, wetting by 

water will take place on hydrophilic surfaces. Between these extremes there is a 

range of intermediate situations in which the liquid meets the solid at a certain 

angle called the contact angle. Thus, the contact angle can be taken as a measure 
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of the relative hydrophilicity or hydrophobicity of the surface [19]. While 

macroscopic contact angle measurements provide averaged information on the 

wettability of the material substrate by the probing liquid over a large area, the 

use of AFM allows one to quantify wetting properties at nanoscale level. In fact, 

the AFM technique becomes now an important tool for studying and 

understanding of the capillarity phenomena including the capillary forces and 

adhesive forces as function of environmental conditions [20, 21]. The results 

obtained with contact AFM however appear to be not perfectly consistent. For 

example, for a Si3N4 tip radius 100 nm against a SiO2 surface, the humidity at 

which a meniscus is measured varies from 35 to 50 %RH [22]. This discrepancy 

is related to the major role of the tip geometry in the meniscus formation. It is 

consequently important to determine hydrophilic behavior with tips of known 

geometry. Moreover, the disadvantage of AFM in contact mode is that it may 

damage soft samples. In contrast, the tapping mode AFM offers the possibility 

to investigate the effect of humidity on the soft materials such as biomaterials 

without wearing. By tapping mode AFM, Zitzler and co-worker [23] have 

investigated the effect of capillary force on the behavior of amplitude and phase 

of cantilever oscillations on Si surface. They show experimentally that during 

increasing of the relative humidity, the jump from the attractive to the repulsive 

interactions is suppressed. They explained this behavior using a model based 

on the intermittent formation of a capillary bridge between tip and sample close 

to the lower turning point of the cantilever oscillation. This finally demonstrates 

that, during tapping mode AFM measurements, a meniscus can be formed. This 

technique can thus be used to study a capillary phenomena at local scale. It is 

consequently interesting to use hydrophobin protein as a test material for the 

use of AFM in tapping mode to study hydrophobicity. As shown in chapter 4, 

we can indeed produce the same film presenting either the hydrophobic 
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surface, or the hydrophilic one towards the AFM tip. We have then decided to 

work in tapping mode, using tips of known geometry due to a careful analysis 

of the long distance approach-retract curves. This is an important step towards 

the study of more complex systems useful, for example, in biotechnology. 

Another novelty of this work is the use of phase lag as a function of humidity to 

detect the critical humidity for which capillary meniscus starts taking place. 

Capillarity force arises from Laplace pressure caused by surface tension inside 

the meniscus, with also a direct surface tension component [12]. It is this latter 

term, surface tension, which drives spontaneous formation of meniscus. There 

is an energy cost to form the liquid bridge, bringing water molecules together 

from the vapor phase [24]. The energy required for this condensation is 

afforded by energy gained by wetting tip and surface. Meniscus will grow until 

mechanical equilibrium is reached which means that the pressure inside the 

meniscus has reached a stable value determined by the relative humidity, 

tip-surface distance, contact angles, principal radii of curvature and tip radius 

as shown in Figure 3. 

 
Figure 3. Schematic representation of meniscus between AFM tip with radius Rtip and sample. R1 and R2 are the 
two principal radii of curvature for the water meniscus, θ1 and θ2 are the contact angles for water on the tip and 
surface of sample respectively. 
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5.3.2.2 Theory 

The Kelvin equation [25] represents the fundamental equation of capillary 

condensation at equilibrium. It describes the relationship between relative 

humidity and meniscus curvature formed between the AFM tip and the flat 

surface:  
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where RK is the Kelvin radius, R1 and R2 are the principal radii of the meniscus 

as indicated in the figure 3, R is the gas constant, T the temperature, Vm the 

molar volume of the liquid, and γ the surface tension of the liquid. 

The formation of a meniscus by capillary condensation leads to an attractive 

force between sphere and plate [26]. This so-called meniscus or capillary force is 

caused by the pressure difference between the liquid and the surrounding 

vapor phase. It is given by the Young–Laplace equation: 
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The capillary force Fcap between a plate surface and a sphere with radius R has 

been calculated by O’Brien and Hermann [26]. In the case of an AFM tip against 

plate surface (see figure 3) with radius Rtip much larger than the height of the 

water bridge h, the capillary force can be related to the tip sample separation d 

by two different expressions. 

In the first expression, as the tip sample distance is changed, meniscus shape 

changes but its volume remains unchanged: 

h
d

R
dF tip

cap

+

+
=

1

)cos(cos2
)( 21 θθγπ

           Eq. 3 

In the second approach, it is assumed that equilibrium is maintained, meaning 

that meniscus volume may change but not the Kelvin radius: 



99 

 









+

−+−=
)cos(cos

1)cos(cos2)(
21

21 θθ
θθγπ

K
tipcap R

dRdF     Eq. 4 

If we further assume that both tip and sample are made of the same material, θ1 

= θ 2= θ, and that the surface tension force component is small enough to be 

neglected, both cases lead to the same maximum force value due to the liquid 

bridge when d = 0: 

θπγ cos4 tipcap RF = .                     Eq. 5 

Under these assumptions the capillary force is actually humidity independent. 

This may be true at the macroscopic scale. However, it does not explain the 

behavior illustrated in Figure 3, since it does not take into account the variation 

of principal radii of curvature for the water meniscus that can be caused by the 

increase or decrease in water vapor. Thus, this expression usually is not 

applicable to nanometre sized menisci. Fisher and Israelachvili [27] measured 

the adhesion forces between curved mica surfaces in vapors such as 

cyclohexane and benzene and found that Eq. 5 is already valid once the relative 

vapor pressures exceed 0.1-0.2, corresponding to the meniscus radii of only 0.5 

nm. It must be noted that this agreement was possibly related to the fact that 

the two interacting surfaces were similar to mica surface (i.e. similar geometry 

in particular). 

 The calculation performed by Pakarinen et al. [28] for the capillary pressure 

force showed that approximations which lead to the Equation 5 can be 

successful, but they become invalid at the nanoscale. They showed that for 

spheres of radius bellow 1 μm against a flat surface, capillary force depends 

strongly on humidity. They demonstrate using the exact profile method of 

capillary force at equilibrium that the constant volume approximation (i.e. Eq. 

3) predicts for a spherical particle of 100 nm radius, that meniscus breaks off at 

a distance of 10 nm, while Equation 4 predicts that meniscus breaks already at 
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1.65 nm. Due to the fact that the tip movement is much slower than the time 

needed for meniscus to reach equilibrium [28], it can be concluded that the 

correct description is the one given by the Eq. 4. A careful analysis of AFM 

results could finally also help to discriminate between the two cases.  

5.3.3  Energy Dissipation 

When AFM is operated in dynamic mode, in addition to the amplitude phase 

distance curves, an interesting and complementary approach to analyze the 

forces involved in the tip-sample interaction is based on the analyzing of energy 

dissipated when the tip periodically interacts with the sample surface. Several 

studies have been devoted to the forces involved in tip–sample interaction in 

tapping-mode AFM. It was demonstrated that the phase lag depends on the 

energy dissipated between the tip and the sample [29-31].  

The input dissipative power Pin can be decomposed into two terms: the power 

dissipated by the motion of the cantilever beam P0 and that dissipated by tip–

sample interaction Ptip 

tipin PPP += 0                   Eq. 6 

We are interested in the term Ptip, since it is a direct physical quantity which 

characterizes the tip–sample interaction. Cleveland et al. [30] have calculated Pin 

and P0 for cantilever driven sinusoidally with amplitude Ad and frequency ω as 

follow:  
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Then Ptip is obtained as: 
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As already defined previously, A is the oscillation amplitude, φ  is the phase 

lag, kc is the spring constant, 
0βω

ckQ =  is the quality factor, β is a dissipation 

term, ω0 the natural resonant frequency of the free oscillating cantilever. 

When the driving amplitude is chosen to be ω0, the relation can be simplified as 

below: 
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Equation 8 can finally be used to evaluate the energy dissipated between the tip 

and hydrophobin films. 

 

5.4  Results and discussion 

5.4.1  Determination of Hamaker constant 

For Hamaker constant determination AFM scanner is operated in dry 

environment to avoid the capillary forces effect. As one can see in the equation 

1, in order to determine the Hamaker constant the knowledge of tip radius is 

necessary. For this aim, I have used the SiO2 tip-SiO2 surface system whose 

Hamaker constant was determined in our group by R. D. Rodriguez [9]. The 

found value was 6. 10-20 J, in good agreement with the calculated ones using 

Lifshitz theory and full spectra data for SiO2-SiO2 system [32, 33]. Hence, for 

each experiment, phase distance curves performed for SiO2 tip against SiO2 

surface were fitted using equation 1 (see figure 4). In figure 4, is presented an 

example of the phase vs distance curve where the region marked by a rectangle 

in figure 1 is fitted using the quality factor and the spring constant of the 

cantilever determined experimentally. For the example of figure 4, they were 
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respectively 449 and 30 N/m. From this fit the tip radius was extracted five times 

and values ranging from 11.5 to 14.5 nm giving average value of  5.113 ±  nm 

were obtained. It has to be noted that the error in the tip radius was calculated 

using 
2

minmax RR −
. 

 
Figure 4. Experimental phase distance curve performed for SiO2 : the region marked by a rectangle in figure 1 is 
fitted by the equation 1 giving the value of tip radius. 

 

At this point, after the determination of the tip radius, we turn to experimental 

measurements of phase distance curves measured against hydrophobin LB film 

which was deposited on the SiO2 surface and hydrophobin LS film deposited on 

silanized SiO2 in order to experimentally deduce the Hamaker constant using 

equation 1 (see figure 5). In figure 5, an example of the fitted experimental 

phase versus distance curves which allowed the extraction of the Hamaker 

constant using the harmonic approximation is presented.  

Phase-distance curves were measured against several hydrophobin films (see 

table 1). A fitting of experimental phase distance curves, using eq. 1, leads to 

HR value.  Knowing the tip radius, the Hamaker constant value is then deduced 

for each tip radius. 
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 In doing this, Hamaker constant values ranging from 1.92 to 3.52 × 10-20 J are 

obtained for LB hydrophobin film leading to an average value of 2.67± 0.8 × 10-20 

J and ranging from 2.13 to 3.27  ×(10-20 J) are obtained for LS hydrophobin film 

leading to an average value of 2.18±0.57 × 10-20 J, as illustrated in the table 1 

bellow. It has to be noted that, because of the product HR in the Eq.1 which is 

used for the fit of phase distance curves there is a direct contribution from the 

error in the tip radius which propagates to the value of the Hamaker constant 

as following : H
R
RH ∆

=∆ . Thus the error in the Hamaker constant presented in 

the table 1 is not a direct expression of the experimental error on H but it comes 

rather from the error in the tip radius which is actually related to the fit of the 

phase diatance curves performed for SiO2 tip-SiO2 surface. 

As I reported above, the Harmonic approximation has been demonstrated valid 

at long distance for hard materials such as SiO2 surface and the precise 

Hamaker constant of SiO2/SiO2 system in air was determined in the framework 

of this model [9]. However, this may be not true for soft maters, because in such 

case, it remains possible that the tip could penetrate the sample when the tip 

sample interactions start taking place. In this case, the tip should interact not 

only with hydrophobin film but also with the surface on which the film is 

deposited (i.e. SiO2 surface in the case of LB film and silane in the case of LS 

film). However, the fact that we obtain a H value smaller than that for SiO2/ SiO2 

system suggest that the tip remains far from SiO2. In particular, the distance 

where most of the van der Walls interactions take place as shown for SiO2 [9]. 

Moreover, the results are not aberrant, since the difference of the obtained 

values is not excessively large, whereas the tip radius varies from 6 to 27 nm. 

Although H values have to be considered carefully, certain credibility could be 

given to these values.  
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We note then, that the obtained values for both films are of the same order of 

magnitude. This result shows that the AFM tip interacts in the same way with 

both LS film and LB one in the beginning of the tip-sample interactions. So, at 

long distance, when the tip approaches the sample and vdW force starts to take 

place, the tip interacts not only with the hydrophobic part of the LB monolayer 

(respectively hydrophilic part of LS monolayer) but with the average of both 

parts of hydrophobin molecule. This is interesting because the fact that both 

films posses the same order of magnitude of the Hamaker constant can be a 

way to be sure that both films transferred on solid surfaces by two different 

techniques are the same films; they differ only by the nature of the side in 

contact with air.  
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Figure 5. Experimental phase distance curves of LB film (blue) and LS one (green) fitted in the framework of 
harmonic approximation (red line) using the value of the tip radius obtained from figure 3 to estimate  Hamaker 
constants of hydrophobin films. 

Tip radius  
(nm) 

R1 

6±1.8  

R2 

9±2.2  

R3 

13±1.5  

R4 

18±2.1  

R5 

27±2.6  

H for LB film (10-

20 J) 2.35±0.70 1.92±0.46 2.90±0.33 3.52±0.41 2.70±0.26 

H for LS film (10-

20 J) 3.27±0.98 2.13±0.52 2.7±0.31 2.8±0.32 3.12±0.30 

Table 1. Hamaker constant measured for both hydrophobin films by analyzing experimental phase vs distance 
curves performed for different radius tip are summarized. radii are given in nm and Hamaker constants in (10-20 J) 
R1, R2, R4 and R5 were taken from the fit of data measured during several AFM sessions (not shown in the text), R3 
was obtained from data shown in Figure 4. 

We note nonetheless, that the Hamaker constant measured for hydrophobin 

protein is small with respect to the reported one measured for SiO2 surface [9, 

32, 33]. This shows that the polarizability of protein is lower than the one of 

SiO2. Generally speaking, materials with high polarizability (as reflected by 

their high dielectric constant and refractive index) present Hamaker constants 

which can be up to an order of magnitude higher than those with low 

polarizability [12]. 
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5.4.2  Local wettability of hydrophobin films 

One of the goals of this chapter is to find out using tapping mode AFM if we 

can observe effects of humidity in the behavior of the phase lag as a function of 

tip-sample distance and determine the critical relative humidity at which the 

formation of capillary meniscus starts to take place using tips of known radius. 

Indeed, tracking changes in the phase signal as a function of humidity could 

allow to study wetting phenomena between tip and sample at the local scale.  

5.4.2.1  Wetting properties of hydrophobin LS monolayer 

The evolution of phase distance curves were investigated for hydrophobin LS 

film as a function of relative humidity in order to detect the transition humidity 

for which meniscus condensation starts to take place. 

 
Figure 6. Experimental phase distance curves performed for LS hydrophobin film at different humidity using SiO2 
tip of radius ca. 28 nm. 

In figure 6, approach curves in tapping mode AFM are presented at different 

humidity values, in the range 6% - 74%, for a tip of radius 28 ± 3 nm measured 

according to the procedure explained previously in the experimental procedure. 

In this case, I was not able to use the SiO2 surface for the tip radius 
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determination; I determined then the tip radius using the obtained average 

value of H for the protein LS film to analyze the onset of the attractive forces in 

the phase distance curves measured for SiO2 tip against LS film. 

The jump from attractive regime to repulsive one takes place at 7 nm from the 

onset of phase increasing at “low” humidity (RH = 6%) (see figure 6). It appears 

that between RH 6 % and 34 % the jump position does not vary. On the other 

hand, the jump distance becomes higher when the relative humidity attains 34 

% and continues to increase when the humidity is further increased. These 

results must be connected to the absence of meniscus between the tip and the 

sample at low humidity: for RH < 34 % the water vapor is not sufficient to 

condensate between tip and sample. Consequently, at low humidity level, in 

the attractive region, the tip-sample interaction is mainly dominated by vdW 

force. On the other hand, the jump shifts to the left when the relative humidity 

has attained 34 %, that is associated with the increment in the attractive forces 

due to the addition of capillary forces. This is the signature of capillary 

meniscus formation between tip and the surface of LS film giving rise to 

attractive capillary forces. We note also that the attractive region increases when 

relative humidity increases even when the RH value is above 34 %. This is not 

surprising because capillary forces depend on the size of meniscus formed 

between the tip and the sample as expressed by the equation 4 that relates the 

capillary force to the Kelvin Radius. When RK increases capF increases, so, when 

the humidity increases the capillary force increases and thus the attractive 

interaction increases.  However, it has to be noted that the attractive forces are 

equal for the case of 64 and 74 % RH. This is due to water saturation. Indeed, 

the meniscus grows in size, until the rate of evaporation and condensation is in 

equilibrium [28].  
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The variation of the phase signal vs humidity shows that the formation of 

capillary meniscus starts to take place at a critical value around 34 % RH. This 

confirms the obtained result in chapter 4 concerning the hydrophilic character 

of hydrophobin LS film. Indeed, water condensation able to form a capillary 

bridge between tip and surface requires less water vapor for hydrophilic 

samples than for hydrophobic ones, and already at 34 % RH, a meniscus can be 

formed between tip and surface. This method appears a new and interesting 

way to measure the hydrophilicity of samples at nanoscale level using AFM 

probe. R. D. Rodriguez [9] has similarly investigated the phase signal measured 

on the SiO2 support at different humidities using SiO2 AFM tip with effective 

radius of 16±5 nm. He found that no effect of humidity in the phase distance 

curve was observed at low RH, while around 20%RH an increase of the region 

corresponding to the attractive forces took place. However, comparison in 

hydrophilicity between different samples has a sense only if the tip radii are 

comparables, which is currently not the case.  

In the figure 7, phase distance curves performed by the same SiO2 tip for 

hydrophobin LS film and SiO2 surface at ambient humidity (figure 7a) and in 

dry condition (figure 7b) are presented.   
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Figure 7. Experimental phase distance curves performed for hydrophobin LS film and SiO2 surfce (a): at ambient 
humidity, (b) in dry atmosphere. 

From these figures, for the same tip radius, we note that the jump position is 

similar for the tip-protein LS film system and for the tip-SiO2 system at ambient 

conditions and in dry conditions. This suggests that the two surfaces are 

comparables in term of wettability: indeed for the same tip radius the formation 

of capillary meniscus starts to take place between the tip and SiO2 surface in one 

hand and between the tip and protein LS film in the other at the same critical 

humidity. This result is in agreement with contact angles measurements which 

display similar values for LS film and SiO2 surface equal to 43° and 37° 

respectively. 

It has to be also noted that, while measuring phase-distance curves as a function 

of relative humidity, paying special attention to the tip radius is recommended, 

because the tip shape modification occurs frequently while measuring 

phase-distance curves, particularly when the capillary meniscus starts to take 

place. For this reason it is necessary to verify at the end of experiment that the 

radius tip did not undergo change. 

It appears finally that AFM in tapping mode would reliably describe the 

hydrophobicity of one given sample if the curve of the critical humidity for 

a b 
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which the jump is modified can be obtained as a function of the tip radius. Such 

a curve could be used to compare different samples and their corresponding 

hydrophobicity. Together with the calculation of the meniscus geometry for a 

given tip radius, this could help to understand how the meniscus is formed in 

an AFM tapping mode experiment, and also this could help for a better 

understanding of the structure of meniscus between tip and sample at 

nanoscale. 

Already our results confirm that, for AFM experiments, the capillary forces are 

not independent of humidity. Thus the hypothesis given by the Eq. 5 does not 

hold. 

Moreover, based on the result of Pakarinen [28], which predicts that the 

meniscus would break already for a tip sample distance of 1.65 nm, the fact that 

meniscus formation is detected in our systems strongly suggests that, before the 

jump, the tip at the end of oscillating cycle, is extremely close to the sample, in 

other way, close to the contact point in order to establish a meniscus. 

A description of meniscus formation as a function of the relative humidity 

would be interesting concerning the questions of tip radius determination. 

Indeed, for a given sample, determine and plot the critical humidity as a 

function of the known tip radii would now offer a possibility to determine from 

the plot unknown radius whatever the tip provided that the critical humidity is 

known. 

5.4.2.2  Wetting properties of hydrophobin LB monolayer 

In order to determine the local wettability of the hydrophobin LB film, the 

phase distance curves were studied at different RH for a tip of radius 28 ± 3 nm 

measured according to the way explained in the experimental procedure: I 

analyzed the onset of the attractive forces in the phase distance curves 
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measured for SiO2 tip against SiO2 surface before and after that performed for 

SiO2 tip against protein LB film. 

 
Figure 8. Experimental phase distance curve performed for hydrophobin LB film versus relative humidity (RH). For 
clarity phase signals measured at 10, 15, 20, 40, 50, 60 and 65 % RH are not shown in the graph. No change in the 
phase shift vs humidity was observed.  

From the figure 8, we note that, by varying the relative humidity the phase 

versus distance curves remain unchanged even at extremely higher relative 

humidity as large as 73 %RH. This means that no meniscus is formed between 

the AFM tip and the sample, in agreement with the hydrophobic character of 

hydrophobin LB film. Thus, this result confirms the obtained result in the 

chapter 4 where the hydrophobic nature of hydrophobin LB monolayer was 

evidenced using contact angle measurements. This also confirms the ability of 

AFM in tapping mode to distinguish between hydrophobic and hydrophilic 

surfaces, in agreement with result obtained by Zitzler et al. [23] for AFM tip 

against hydrophilic (mica) and hydrophobic substrate. This later was obtained 

by exposing mica surface to a saturated vapor atmosphere of heptadecafluoro-

1,1,2,2-tetrahydrodecyldimethylchlorosilane (PFS) for 1 to 2 hours. They 

studied the influence of the relative humidity on the oscillation amplitude of 

cantilever interacting with sample and have found that, if the free oscillation 
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amplitude A0 exceeds a certain critical amplitude Ac, the amplitude phase 

distance curves showed a jump from an attractive regime to a repulsive one. 

For hydrophilic tip and sample this critical amplitude Ac is found to increase 

with increasing relative humidity. In contrast, no dependence on the relative 

humidity was found for hydrophobic sample. We now demonstrate that 

directly, the evolution of the jump with the humidity allows to study the 

hydrtophobicity. In particular the critical humidity where the meniscus 

between tip and sample is formed can be determined. 

5.4.3  Phase distance curves and visco-elastic properties 

5.4.3.1  Phase distance curves at ambient humidity 

Figure 9 below shows the variation of the phase versus distance performed at 

ambient humidity, using the same tip for all the samples.  

 
Figure 9. Experimental phase distance curves performed for hydrophobin films, SiO2 and silanized SiO2 surfaces 
on air. 

Experimental phase distance curve performed for hydrophobin films, SiO2 and 

silanized SiO2 surfaces in ambient conditions are presented in the figure 9. In 

the figure 9, one can see that the jump position is similar for the tip-protein LS 
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film system and for the tip-SiO2 system; on the other hand, the jump occurs 

earlier for the AFM tip-silane system, whereas it occurs later for the tip-

hydrophobin LB film system.  

We can explain the behavior of the phase lag concerning tip against 

hydrophobin LS film and Tip against SiO2 by the hydrophilic character of the 

system, also confirmed in the chapter 4 by contact angle measurements; the 

treatment of SiO2 surface with piranha solution gives a hydrophilic character of 

SiO2 [34]. So, the hydrophilic nature of these samples gives rise to meniscus 

formation between the tip and sample at ambient humidity (~ 40 % RH). On the 

other hand the surface of silanized SiO2 is hydrophobic, and then the meniscus 

cannot be formed in this case, because water condensation able to form a 

capillary bridge requires more water vapor for hydrophobic samples in contrast 

to hydrophilic ones. 

For hydrophilic samples, in addition to the vdW interaction, the capillary forces 

contribute to the tip-sample interactions. This is why the attractive forces are 

larger in the case of LS film and SiO2 surface instead to the hydrophobic 

silanized SiO2 substrate. The surprise came from the variation of the phase 

versus tip-hydrophobin LB monolayer separation. Indeed, as demonstrated 

before, the surface of the protein LB film is hydrophobic and then its 

hydrophobic character prevents the formation of the meniscus, thus the 

attractive forces between the AFM tip and LB film should be weak in the 

absence of capillary forces. As illustrated in the figure 9 the attractive regime 

seems to be predominant. 

In order to confirm this interpretation, we have performed approach-retract 

curves in dry conditions to avoid effect of the capillary force (figure 10). 
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5.4.3.2  Phase distance curves in dry conditions 

The figure 10 illustrates the variation of the phase lag versus distance for 

different samples at relative humidity 4% (i.e. dry atmosphere). As we can see, 

the region of attractive forces characterized by phase values higher than 90° is 

similar for the tip-hydrophobin LS film, tip-SiO2 surface and tip-silane surface 

interactions. This is due to the fact that at low humidity there is not enough 

water vapor to condensate between tip and sample, so the capillary bridge can’t 

be formed between the tip and hydropphobin LS film on one hand and between 

the tip and SiO2 surface on the other. Therefore, there is not capillary forces 

contribution to tip-samples interactions. Consequently in the attractive regime 

only the van der Waals forces dominate in this case.  

 
Figure 10. Experimental phase distance curve performed for hydrophobin films, SiO2  and silanized SiO2 surfaces 
in dry atmosphere 

In the figure 10, we not that the attractive forces dominate the tip-hydrophobin 

LB film interactions even at lower humidity. This confirms that the particular 

interaction highlighted between the tip and hydrophobin LB film on air and at 

dry atmosphere is not due to the capillary force contribution. 

There are at least two possible interpretations: 



115 

 

a. The particular interaction could be of chemical nature related to nature of the 

hydrophobic side of protein molecules. As we have seen in the chapter 1 the 

hydrophobic part of hydrophobin is partially formed by hydrophobic aliphatic 

side chains [35]. However, the silanes also are believed to form chemically 

anchored monomolecular films with an array of aliphatic side chains [36]. 

According to the figure 10, the silane surface does not present any particular 

interaction with the AFM tip. We can then conclude that, the particular 

interaction highlighted between the tip and the hydrophobin LB film should 

not be associated with the hydrophobic part of the molecules in aliphatic 

chains. However, this interaction may be related to adhesion force between the 

AFM tip and the loop that links the strands in the beta barrel structure, since as 

reported by Kwan et al. [37], it is much larger in the class I hydrophobin in 

comparison to the class II and mainly hydrophobic [37], and thus a priori 

located at the surface of LB film. 

b. A possible explanation may be associated with the viscoelastic nature of 

hydrophobin LB film with respect to the LS one. Indeed, instead of class II 

hydrophobins which have a globular structure (see figure of HFBI molecule 

Chapter hydrophobin) the structure of class I hydrophobins is asymmetric as we 

can see in the figure 13. Thus, when the hydrophobin is deposited onto 

hydrophobic substrates, a loop of molecule binds strongly to a hydrophobic 

surface in an α-helical state as reported by Wang et al. [38] on Teflon substrate 

for Sc3 hydrophobin, resulting in the formation of a stable monomolecular film. 

Fan et al. [39] have also showed that Sc3 hydrophobin may preferentially attach 

to a hydrophobic surface via the loop region between the third and fourth Cys 

and that this region is critical for the formation of the α-helical state on the 

substrate. 
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In contrast, when the hydrophobin molecules is deposited onto hydrophilic 

substrate, they adhere to the surface by their hydrophilic part and the 

adsorption on hydrophilic surface appears to have a significantly lower rate 

than the adsorption of hydrophobic side to the hydrophobic surface [40], 

indicating different modes of hydrophobin adsorption for these two surfaces. 

This suggests that the LS film when adsorbed to the hydrophobic silanized SiO2 

surface could form a more rigid monolayer than the LB film adsorbed to 

hydrophilic SiO2 surface. In particular, the loop pointing at the surface in 

contact with air, for the LB films could be particularly soft. 

At this point, the particular interaction highlighted in the figure 9 and 10 

between the tip and the LB protein film may be due to the difference of rigidity 

between LS and LB films. In fact, this difference in rigidity makes the LB film 

more compressible during interaction with AFM tip than the LS film. 

5.4.3.3  Adhesion force on hydrophobin films 

In order to get more information about hydrophobin films in terms of adhesion, 

I have performed the force curve measurements in contact mode AFM for both 

hydrophobin films in dry conditions using the same cantilever for each series of 

experiments. Si3N4 V-shaped cantilevers were used with 0.06 N/m spring 

constant. Force is measured by collecting a force curve, which is a plot of 

cantilever deflection as a function of sample position along the z-axis. This plot 

is converted from volts to force unit as explained in the chapter 3. Five series of 

experiments were performed and better data reproducibility was achieved. The 

force at the pull-off point corresponds to the adhesion force between the tip and 

the sample as indicated in the figure 10. 
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Figure 11. Typical force curve measurements: (a) hydrophobin Lb film and (b) hydrophobin LS film. Experiments 
are performed in dry conditions. 

Typical force curve measurements obtained experimentally for the tip 

interacting with LB film (respectively LS film) are shown in the figure 11a 

(respectively 11b). A hysteresis due to the adhesion force is observed. An 

adhesion force of 4.59 ± 0.12 nN has been obtained for the LB film and 3.8 ± 0.1 

nN for the LS one, on four measurements performed with different tips. 

 As one can see, the adhesion force measured between the tip and the LB film 

and the one measured between the tip and LS film are in the same order of 

magnitude. At this point, we have a demonstration that the loop does not play a 

a 

b 
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role in term of adhesion force, at least in front of Si3N4 tip. However, we will 

show in the chapter 6 that with Si3N4 tip a particular interaction exist with LB 

film, inducing a particular high friction coefficient, so the particular interaction 

between both Si3N4 and SiO2 tips may not be due to the adhesion force. 

5.4.3.4  Energy dissipation between the tip and hydrophobin films 

The aim of this section is to extract the dissipative part of the tip–samples 

interaction from the amplitude and phase distance (APD) curves. To do so, 

analytical expression given by the equation 8 is used. This equation gives the 

power dissipated by the tip-sample interaction as a function of the experimental 

amplitude and phase lag, when the cantilever is exited at its resonance 

frequency. It has to be noted that, for each sample, the phase used in the eq. 8 to 

plot the power dissipation, is the one given in the figure 10, the corresponding 

oscillation amplitude is also used. 

 
Figure 12. Power dissipated by the AFM tip during approach measurements: red color corresponds to the power 
dissipated by the tip-LB film interaction, and blue color corresponds to the power dissipated by the tip-LS film 
interaction. 

In figure 12, the power dissipation as a function of the tip-sample distance is 

plotted for both systems, tip-LS film and tip LB film. The horizontal line 



119 

 

corresponds to the free oscillation amplitude where the tip is still far from 

surface sample, thus no energy dissipation takes place. The power dissipated by 

the tip increases when the tip-LB film (respectively tip-LS film) distance is 

decreased, as expected for soft materials. The dissipated power by the tip-LB 

film interaction is higher than the one dissipated by the tip interacting with LS 

film. This result appears surprising if we consider that the energy dissipated by 

the tip interacting with LB film should be the same that the one dissipated 

when the tip interacts with LS film since both the films are made from the same 

molecules. However this result may be interpreted using the assumption given 

above concerning the difference of the visco-elastic nature between the LB 

hydrophobin film and the LS one.  

 
Figure 13. The structure of EAS class I hydrophobin. The hydrophobic amino acids of EAS in this region are shown 
ingreen [16]. 

5.4.3.5  Validation of the assumption by numerical simulations 

Numerical simulations have been performed by R. D. Rodriguez in order to 

study the effect of a dissipative layer taking into account vdW attractive 

interaction, DMT contact interactions [41] as well as a damping within the 

smple. (see figure 14). It can be seen in the figure 14 that, in the presence of the 

dissipative thin layer inducing a damping, the jump position is shifted towards 

the left side together with an increase of the maximal phase value for the LB 
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film. This is in agreement with experimental results presented above in the 

figures 9 and 10. This consequently confirms the assumption given above 

suggesting that the hydrophobin LB film is less rigid that the LS one.  

 

 
Figure 14. Numerical simulation performed taking into account the vdW and contact mechanics DMT forces 
(black color), and vdW, contact mechanics DMT and dissipative forces (red coulor). 

5.4.4  Phase distance curves on hydrophobin LB monolayer and 

rodlets 

For a more precise understanding of the difference already highlighted in the 

chapter 4 using AFM phase images between the two types of assemblies formed 

as hydrophobin LB monolayer and rodlets, the phase distance curves have been 

performed with the same tip in the same sample containing monolayer and 

rodlets in dry conditions and at ambient humidity as shown in the figure 15.  
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Figure 15. Experimental approach-retract curves performed (a): in ambient humidity, (b): in dry conditions for LB 
monolayer and rodlets. 

In figure 15 it is shown phase versus distance curves measured for the tip-

protein LB monolayer system and the tip–rodlets system in ambient humidity 

(figure 15a) as well as in dry conditions (figure 15b). As expected, due to the 

hydrophobic character of the hydrophobin LB monolayer, the jump position for 

the tip-LB monolayer system in ambient humidity and in dry conditions is 

similar. However, we note that the jump position for the tip-rodlets system in 

ambient humidity and in dry conditions is also similar. This implies that, there 

a 

b 
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is no humidity effect on the tip-rodlets interaction (i.e. no capillary force effect). 

This suggests strongly that the top of rodlets is hydrophobic, similarlysimilarly 

to the top of the monolayer 

On the other hand, in the two cases (figure 15), the jump position for LB 

monolayer appears to be 3 nm after the one of the tip-rodlets system. This 

difference in the phase behavior confirms that, the surface of hydrophobin LB 

film and the one of rodlets are certainly different since the tip does not interact 

in the same way with the LB film and the rodlets.  At this point, we have a 

demonstration that the top of rodlets is hydrophobic, and from the jump 

position in the phase distance curves (figure 15), the rodlets should be more 

rigid than the LB monolayer. They do not indeed present a large repulsive 

regime associated with visco-elastic damping of the tip within the film. 

This result supports strongly the hypothesis suggested in the chapter 4 about 

the formation of rodlets as a hydrophobic monolayer. As we have shown in the 

chapter 4, the thickness of the rodlets is about two times higher than the one of 

the LB monolayer. Thus, these results strongly suggest that the vmh2 

hydrophobin molecules adopt an extended conformation when they form 

rodlets as suggested by other authors [42, 22] for SC3 class I hydrophobin 

molecules. However, the hypothesis of rodlets as bilayer cannot be totally 

excluded. If the rodlets are bilayer, the two molecules facing each other can 

simply not be symmetric, leading to two interfaces, one hydrophilic and the 

other one is hydrophobic. 

It has to be noted that, the phase imaging presented in the figure 13 of the 

chapter 4 and the approach-retract curves shown herein in the figure 15 are 

performed in the same conditions using the same cantilever-tip system. 

However the phase difference obtained between the top of rodlets and the 

surface of monolayer from the phase imaging reported in the chapter 4 was 
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small (ca. 2°), while the difference highlighted by the phase distance curves 

presented above in the figure 15 is distinctly visible. The phase curve 

measurements are then highly recommended for this type of comparison. 

Indeed, depending in the amplitude setpoint value the phase can be similar on 

rodlets and monolayer (large tip-sample distance), or very different (small tip-

sample distance). 

5.5  Conclusion 

In this chapter, I have investigated using tapping mode AFM the wetting 

phenomenon of hydrophobin films as a function of humidity. I have 

demonstrated that the hydrophilic character of LS film can be highlighted at the 

nanoscale by detecting the meniscus formation between the AFM tip and 

surface of the monolayer. On the other hand, I have demonstrated no meniscus 

formation between the tip and the LB monolayer. These results confirm the 

hydrophobic character and the hydrophilic one of the LB film and the LS film 

respectively already demonstrated in the chapter 4 by contact angle 

measurements. The approach-retract curves in tapping mode are the good 

alternative to study wetting phenomena at the nanoscale without wearing. 

In turn, using the harmonic approximation, the Hamaker constant of 

hydropobin protein was estimated from the phase distance curves. Moreover, 

by analyzing the phase versus distance curves performed in dry conditions for 

hydrophobin films, SiO2 surface and silanized SiO2 surface, more precisely the 

region corresponding to the jump from the attractive to the repulsive 

interactions, I have revealed the existence of a particular interaction in addition 

to the vdW interaction between the tip and the LB film. This particular 

interaction is finally shown to be due to the difference in the elastic properties 

between LB and LS films in particular through the calculation of the dissipation 
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power and in addition to numerical simulations. By the force curve 

measurements, I have shown that, no particular adhesion force was revealed 

between the Si3N4 tip and the protein LB film in comparison that the one 

between the tip and LS film. 

 On the other hand, the experimental phase distance curves performed for the 

hydrophobin LB film and the rodlets showed the difference in the jump 

positions, suggesting that the rodlets are more rigid than the LB monolayer. 
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6. Nanotribological properties of hydrophobin 

films 

6.1  Introduction 

Friction is one of the oldest phenomenon in the history of mankind. It appears 

in every technical application, going from macro to nanoscale. At macroscopic 

scale, it is often encountered in daily life, and it is exploited from simple tasks 

like walking, to modern machinery. 

The science of tribology (Greek tribos: rubbing) concentrates on contact 

mechanics of moving interfaces that generally involve energy dissipation. It 

encompasses the science fields of adhesion, friction, lubrication and wear.  The 

first recorded systematic studies of friction were made by Leonardo da Vinci 

(1452-1519). He measured the friction force F needed to slide a mass M 

(equivalent to an external load ) across a surface [1] and made two important 

observations: first, he concluded that the friction force doubled when the 

weight was doubled (i.e., that F was proportional to ); second, he concluded 

that the friction force was independent of the way the objects were positioned 

on the surface (i.e., that F did not depend on the area of contact A between the 

moving surfaces). These observations were later confirmed by Amontons (1663-

1705) [2], and Coulomb (1736-1806) [3] noted the velocity independence of the 

friction force. These three observations give the friction coefficient μ as the ratio 

of the frictional force F to the external load  independently of the contact area 

A and sliding velocity v, as follows: µ=F/  = constant. Bowden and Tabor [4] also 

investigated friction from the perspective of a purely elastic sliding process. 

They used a simplified single asperity model of contact based on the Hertzian 

lF

lF

lF

lF
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elastic theory, and found a non-linear friction-load dependence ( )3/2
lFF ∝ , which 

clearly contradicted Amontons’ law and the experiments conducted at that 

time. It was Archard [5], who recognized that there was no contradiction 

between an elastic single asperity model and Amontons’ law that is based on a 

contact that involves many asperities. Instead of assuming a constant number of 

asperities as Bowden and Tabor did, Archard assumed a load dependent 

number of asperities. With this assumption the controversy between the elastic 

multiple asperity hypothesis and Amontons’ law could be resolved. 

Greenwood and Williamson [6] further improved the method with a Gaussian 

and exponential distributions of asperities. They showed that, for two rough 

(non-adhering) surfaces having an exponential distribution of asperity heights 

(all asperities were assumed to have spherical caps of equal radius), the real 

contact area would indeed be proportional to the applied load if the asperities 

deformed elastically. For adhering surfaces, Derjaguin [7] proposed the 

following modified version of Amontons’ equation: 

   

 Equation 1 

where a constant term  is added to the external load  to account for the 

intermolecular adhesive forces. 

6.2  Friction at nanoscale 

The understanding of friction on small length scales is becoming increasingly 

important with the development of AFM technique [8], and the growing field of 

nanoscience. Thanks to the AFM method, it became possible to explore the 

physical and tribological properties of engineering and biological surfaces at 

nanoscale and microscale levels [9, 10]. Indeed, during last decade, the AFM 

technique has proved to be important tools for nano-tribological experiments, 

( )al FFµF +=

aF lF
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ranging from proteins [11, 12] to polymeric materials [13, 14]. The basic idea is 

to exploit the local interactions with a very sharp probe for obtaining 

microscopic information on surfaces in lateral resolution. 

Despite the potential utility of hydrophobin coatings in biotechnology, such as 

for personal care or biomedical applications, the tribological properties of 

hydrophobins are very little investigated until now. Only two papers in the 

literature [15, 16] have discussed the tribological aspect of hydrophobin 

assembly using the AFM technique. Misra and co-workers [15] have 

investigated using Si3N4 cantilever, thin coatings of SC3 hydrophobin isolated 

from the fungus Schizophyllum commune prepared via spin coating and 

adsorption techniques onto polymeric surfaces, resulting in the films of 12 nm 

and 20 nm thicknesses respectively, with hydrophilic side in contact with air. 

They studied the friction on polymer surfaces and polymeric surfaces modified 

with Sc3 hydrophobin films and have shown that friction coefficients were 

dramatically reduced for polymeric surfaces coated by Sc3 film: values in the 

range of 0.01-0.02 have been obtained for all hydrophobin-coated surfaces, 

corresponding to 50-80 % reduction in friction in comparison to unmodified 

polymeric surfaces. On the contrary, by the lateral force image AFM in ethanol 

solution with the Si3N4 cantilever chemically modified with amid groups, de 

Vocht and co-workers [16] have highlighted a strong interaction between the 

hydrophilic tip and the SC3 protein layer. As it will be discussed later, in this 

latter case, SC3 hydrophobin was deposited by incubation onto Teflon substrate 

with a thickness of 7-8 nm. 

In this chapter, we study the friction properties between triangular Si3N4 AFM 

cantilever and hydrophobin films obtained by LS and LB techniques. As we 

have shown in the chapter 4 and 5 the LS film has the hydrophilic side in 

contact with air, while in the LB film, the hydrophobic side is in contact with 
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air. The results have been obtained at ambient conditions, but also in dry 

atmosphere in order to probe the humidity effect on the friction. The 

Amontons’ law expressed by the Eq. 1 was used for the results interpretation.  

6.3  Experimental procedure 

The vmh2 hydrophobin protein was purified from the fungus Pleurotus ostreatus 

according to previously described procedures in in the chapter 1.The Langmuir 

Blodgett (LB) and Langmuir Schaefer (LS) films were prepared as described in the 

chapter 4. The hydrophobin bilayers were deposited as follows: in order to have 

a bilayer with hydrophilic surface in contact with air, a monolayer was 

deposited onto hydrophobin LB film using LS technique (this bilayer is named 

hereafter LB+LS). By contrast, in order to obtain a bilayer with hydrophobic 

surface in contact with air, a monolayer was deposited onto hydrophobin LS 

film using LB technique (this bilayer is named hereafter LS+LB). 

AFM measurements were performed using a Nanoscope Dimension 3100 

(Veeco Instruments, Santa Barbara, CA). The triangular Silicon Nitride Si3N4 

probes having a nominal spring constant of 0.06 N/m furnished by Budget sensor 

were used. Friction measurements were obtained by operating the AFM in the 

friction mode in ambient conditions (i.e. 40 % RH) as well as in dry atmosphere 

as already described in the chapter 3. In each case, four series of friction 

measurements were carried out. For each series, the experiments were 

performed in the same conditions, with the same cantilever, for the purpose of 

direct comparison.  

When the measurements were carried out in dry conditions the microscope was 

placed in a closed chamber equipped with an inlet for dry nitrogen. Before the 

measurements, the chamber was purged with nitrogen, and during AFM 

measurements, the humidity in the chamber was maintained constant at 2% 

RH. 
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To perform friction measurements, firstly, the image is centered on the point of 

interest where the friction measurements will be performed (see figure 1). The 

friction signal was measured under a constant load using a 90° scan angle, 

while the normal force acts in the direction perpendicular to both the scan 

direction and the friction force direction. The measurements were performed at 

a constant sliding velocity of 0.2 μm.s-1. To ensure comparisons of friction data, I 

checked that the AFM tip underwent minimal change during the entire 

experiment by checking the AFM tip’s frictional properties on SiO2 surface 

before and after the measurements. Only when the obtained results on SiO2 

surface were the same before and after measurements on the hydrophobin 

films, I recorded the measured friction data of the samples.  

6.4  Result and discussions 

6.4.1  Frictional properties of hydrophobin monolayers in 

ambient humidity 

The homogeneity of hydrophobin LB film and hydrophobin LS film were 

confirmed by AFM contact mode as we can see in the AFM images presented in 

the figure 1, in agreement with the images obtained in AFM tapping mode, 

presented in the chapter 4. 

 

a 
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Figure 2. AFM topography and friction images of the obtained films: (a) LB film and (b) LS film, height scale 7 nm. 

 We have then studied the friction force between the AFM tip and hydrophobin 

films by recording the lateral torsion of the tip cantilever, while the sample was 

scanned. The lateral torsion is directly proportional to the signal called TMR 

(Trace minus Retrace) in the scope mode display according to the calibration 

method already explained in the chapter 3, The TMR signal measures the 

voltage difference between the Trace and the Retrace scan directions. This 

corresponds to the amount of total tip twist that occurs as the tip scans back and 

forth across the sample. The resulting curve, the so-called friction loop is 

presented in the figure 2. The gap between the trace and retrace friction curves 

is reduced for the hydrophobin LS monolayer as well as SiO2 surface, indicating 

reduction in friction for these samples in comparison to the hydrophobin LB 

one. 

 

Trace minus Retrace (TMR) voltage for SiO2 

a 
Retrace 

Trace 

b 

100 nm 
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Figure 3. typical friction loops giving TMR voltage for (a) SiO2 surface, (b) hydrophobin LB film and (c) 
hydrophobin LS film performed in ambient humidity at the setpoint 2 v. 

 

In varying the applied load  and recording the friction force , we have found 

that the force varies linearly with the applied load  for all samples, as it can 

be seen in the figure 3. The friction coefficients were obtained from the slope of 

a plot of as a function of  and summarized in Table 1.  

In AFM measurements we should be in the situation of the single asperity 

contact. However, we find linear friction-load dependence for all samples. In 

disagreement with the single asperity model, based on the Hertzian elastic 

theory. This can be explained by the fact that the soft nature of the protein films 

leads to the multi-asperity contact. On the other hand, for SiO2 surface, the 

lF F

F lF

F lF
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Trace minus Retrace (TMR) voltage for LS film 
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multi-asperity contact situation may be caused by the presence of the meniscus 

between the tip and the sample.  

 
Figure 4. The friction force vs applied load data recorded for SiO2, hydrophobin LB film and hydrophobin LS film 
in ambient conditions. 

 

Sample Friction 
coefficient (µ1) 

Friction 
coefficient (µ2) 

Friction 
coefficient (µ3) 

Friction 
coefficient (µ4) 

SiO2 0.16 0.19 0.11 0.31 

LB film 2.26 3.9 0.25 3.24 

LS film 0.32 0.23 0.17 0.4 

Table 1. Values of the obtained friction coefficient for SiO2 surface, hydrophobin LB monolayer and hydrophobin 
LS monolayer in ambient conditions. µ1 are obtained from the figure 3; µ2, µ3, µ4 were taken from the fit of data 
measured during other AFM sessions , performed with different tips 

 

An example of the obtained friction force vs applied load is presented in the 

figure 3. The surface of hydrophobin LS monolayer demonstrates very low 

friction, with reductions in the friction coefficient in comparison to that 

measured for the hydrophobin LB film. Except μ3 (column 4 in the table 1), for 

the LB monolayer, the friction coefficients are about a factor 10 higher than 

those obtained for the LS monolayer. Furthermore, the surface of hydrophobin 

LS and SiO2 sample yield similar friction coefficient. From these measurements, 
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we note on one hand that, the LB film presents a specific tribological behavior 

in interaction with the Si3N4 tip. On the other hand, friction coefficients were 

measured repeatedly over a period of several weeks with consistent results 

obtained in all measurements indicating stable attachment of vmh2 

hydrophobin onto SiO2 and silanized SiO2 surfaces, as well as stable surface 

properties. 

6.4.2  Effect of relative humidity on the of friction coefficient for 
hydrophobin films and SiO2 Surfaces.  
 

In the chapter 5 we have demonstrated that, during AFM measurements, the 

capillary meniscus can be formed between the SiO2 tip and the LS film, but also 

between the SiO2 tip and SiO2 surface in ambient humidity. We can then ask the 

question about the role of capillarity on the friction between the Si3N4 tip and 

samples. We have consequently performed the friction measurements in dry 

conditions (2 % RH) in order to study the relative humidity (RH) effect on the 

tribological behavior of hydrophobin films and SiO2 surface. A typical curve of 

friction force versus applied load, in dry condition, is presented in the figure 4 

below. As we can see in the figure 4, the friction force varies linearly with the 

applied load for all samples. The friction coefficient is then again deduced from 

the plot. The obtained results for all experiments performed in dry conditions 

are summarized in Table 2. 
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Figure 5. The friction force vs applied load data recorded for SiO2, hydrophobin LB film and hydrophobin LS film 
in dry conditions. 

Sample Friction 
coefficient (µ1) 

Friction 
coefficient (µ2) 

Friction 
coefficient (µ3) 

Friction 
coefficient (µ4) 

SiO2 0.41 0.35 0.42 0.47 

LB film 2.91 2.74 3.66 3.24 

LS film 0.67 0.44 0.6 0.53 

Table 2. Values of the obtained friction coefficient for SiO2 surface, hydrophobin LB monolayer and hydrophobin 
LS monolayer in dry conditions. µ3 are obtained from the figure 4; µ1, µ2, µ4 were taken from the fit of data 
measured during other AFM sessions (not shown in the text). 

From data presented in the table 1 and 2, we note that the friction coefficients 

obtained for SiO2 surface against Si3N4 tip, are in the same order of magnitude 

that the results found in the literature [17]. Moreover, even in absence of 

capillarity, the behavior of the friction force versus applied load is linear; this 

suggests that definitely, a Hertz contact does not correctly describe the contact 

interaction between tip and surface in AFM experiments even for hard surfaces 

as the SIO2 one. On the other hand, the results presented in the table 2 show 

that, on the SiO2 surface and the hydrophobin LS film the friction coefficients 

are widely lower than those obtained on hydrophobin LB film. This is 

consistent with the obtained results in ambient conditions presented in the table 

1. However, it can be noted that, in dry condition there is some increase in the 
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friction coefficients obtained for Si3N4 tip-SiO2 surface and Si3N4 tip-LS film; 

they are about two times larger than those measured in ambient conditions. 

This may be due to the presence of layer of water molecules bound to the 

surface. Thus, in ambient humidity, for LS film and SiO2 surface, the interaction 

between the surface and the tip is mediated by the water layer. In this case, the 

water can act as a lubricant resulting in the low viscosity in the surface of 

sample, while in dry conditions there is no lubricant. The fact that similar 

influence of humidity is obtained for SiO2 and LS hydrophobin film is 

consistent with the observation of similar hydrophilic properties, as 

demonstrated in chaper 4. Binggeli et al. [18] have studied the influence of 

capillary condensation and humidity to friction on a hydrophilic SiO2 surface 

against a tungsten cantilever at relative humidity below 75 %, no dependence of 

humidity was observed, whereas at humidity level above 75 % a dependence of 

the friction properties on the humidity was clearly observed: when the relative 

humidity increases, above 75%, the friction coefficient decreases and values 

ranging from 0.25 to 0.5 were obtained. The difference in the onset of the 

humidity effect between their system and ours is certainly attributed to the fact 

that they used a tungsten cantilever instead a Si3N4 cantilevers which we have 

used in our experiments, resulting in the difference in the sensitivity and 

hydrophilicity. It suggests that the tungsten tip is more hydrophobic than the 

Si3N4 one, leading to the formation of meniscus between tip and sample for 

lower humidity in this latter case. It is also interesting to observe that friction 

coefficient are modified with humidity for LS film and SiO2, since it 

demonstrates that, similarly to SiO2 tips, with Si3N4 tips, a meniscus is formed 

at ambient humidity. 

On the other hand, the frictional properties of the LB film against the Si3N4 in 

dry conditions are almost the same that those obtained in ambient atmosphere, 
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which means that; they remain insensitive to the humidity effect. This is due to 

the hydrophobic character of the surface of the hydrophobin LB film that is 

insensitive to the humidity level. This data confirms the obtained result in the 

chapter 5 by the phase versus distance curves, highlighting the hydrophobic 

nature of the LB film. This is also consistent with contact angle measurements 

shown in the chapter 4. 

We have then seen a large difference between the frictional properties of the 

hydrophobin samples. The hydrophobic part (LB) of the hydrophobin 

monolayer presents a higher friction coefficient with respect to the hydrophilic 

(LS) part of the protein monolayer, whether in ambient humidity or in dry 

conditions. This is Interesting because, as we have seen in the chapter 5, we 

have shown that the LB film presented a specific interaction with the SiO2 tip in 

tapping mode, and demonstrated that this interaction is due to the elastic 

nature of the hydrophobin LB film that appears less rigid than the LS one. Thus, 

the higher friction coefficient measured for the LB film can be associated with 

the same physical characteristic, a high viscoelasticity at the air interface which 

does not exist for the LS film. 

 De Vocht et al. [16] have studied the Sc3 hydrophobin deposited by incubation 

onto Teflon substrate resulting on 7-8 nm thick, by the lateral force microscopy 

and found that the Si3N4 AFM tip chemically modified with amid groups, 

interacts strongly with the hydrophilic side of the hydrophobin. They explained 

this behavior by the softness of the protein film and by the hydrophilic nature 

of the surface after binding of SC3 to a hydrophobic substrate. We report here 

that LS films which are hydrophilic interact similarly to the SiO2 surface. 

Anyway we demonstrate, in agreement with Binggeli et al. [18] that the 

presence of a water layer decreases the friction between tip and surface. 

Consequently, if the hydrophilicity of hydophobin is associated with strong 
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interactions between tip and surface in friction experiments, this has to be 

related to particular chemical interactions between modified tips and substrate. 

Moreover we demonstrate, through our results, that the geometry of 

hydrophobin molecules has to be well controlled with respect to the tip, since 

different orientations for identical film thickness can induce considerable 

variation of tip-sample interactions and consistently variation of friction, The 

result of De Vocht et al [16] has consequently to be considered carefully: the 

thickness of the hydrophobin coating when deposited by incubation onto solid 

surface cannot be well controlled and probably the geometry as well. By 

contrast the Langmuir technique allows to obtain well known thickness and 

even more importantly, well-defined geometries. 

6.4.3  Frictional properties of hydrophobin bilayers 

In order to study the frictional properties of hydrophobin as bilayer deposited 

onto solid substrate, we have deposited hydrophobin bilayers onto SiO2 

substate and silanized SiO2 surface respectively according to the procedure 

explained in the experimental procedure. A typical curve of the friction force 

versus applied load for hydrophobin bilayers is presented in the figure 5. 
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Figure 6. The friction force vs applied load data recorded for hydrophobin bilayers in dry conditions. For clarity 
the friction force of SiO2 is not shown. 

Sample Friction 
coefficient (µ1) 

Friction 
coefficient (µ2) 

Friction 
coefficient (µ3) 

Friction 
coefficient (µ4) 

SiO2 0.41 0.47 0.35 0.32 

LB + LS bilayer 0.32 0.30 0.25 0.16 

LS + LB bilayer 0.27 0.36 0.31 0.21 

Table 3. Values of the obtained friction coefficient for hydrophobin bilayer in dry conditions. µ1 are obtained from 
the figure 5; µ2, µ3, µ4 were taken from the fit of data measured during other AFM sessions (not shown in the 
text). 

The friction coefficients obtained from the friction force versus applied load 

curves are summarized in the table 3. We note on one hand that, hydrophobin 

bilayers presented low friction coefficients in both cases, on the other hand they 

are very similar for both systems. The obtained values are finally close to the 

friction coefficient of LS films. Furthermore, as we can see in the AFM images 

presented in the figure 6, the topography of the samples are very similar. This 

suggests strongly that, at least in one of the two systems, the hydrophobin 

molecules change the conformation, hence, they restructured when the bilayer 

is formed, leading probably to the same side in contact with air in both systems. 
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The low friction highlighted between the tip and hydrophobin bilayers is very 

likely a result of adopting a compact and rigid bilayer. 

It would be now extremely interesting to compare more generally the 

properties of these bilayers with the one of rodlets themselves (approach-retract 

curves in particular but also presence of β-sheet) to evidence if their structure is 

finally equivalent or not. The rigidity of the bilayers must be verified by 

approach-retract curves in the future, as well as their hydrophilicity or 

hydrophobicity. Depending on the results, it could be a way to evidence how 

the hydrophobin loops interact between each other in bilayers structure, which 

could be a clue of rodlets structure themselves. Finally these results confirm the 

fact that with hydrophobins it would be extremely difficult to build multi-

layers of controlled geometry, as already found for systems where 16 layers of 

hydrophobins has been deposited on SiO2 surface by the LB technique, leading 

to extremely inhomogeneous systems [19]. 

 

a 



143 

 

 

Figure 7. AFM topography images of the obtained bilayers: (a) bilayer deposited onto silanized SiO2 surface by  
LS+LB  and (b) bilayer deposited onto SiO2 surface by  LB+LS. 

6.5 Conclusion 

Thin films of vmh2 hydrophobin were prepared via Langmuir technique. 

Nanotribological analysis using lateral force microscopy with Si3N4 cantilever 

indicates very low friction coefficient for LS hydrophobin monolayer surface in 

comparison to the LB one. The obtained results for LS monolayer are 

comparables to those obtained for SiO2 surface. The friction coefficient 

measured for LS film and SiO2 surface in dry atmosphere (2% RH), are slightly 

larger than those measured in ambient conditions, suggesting that in ambient 

conditions the water can act as a lubricant between the tip and these 

hydrophilic samples, while in dry condition, the absence of water suppresses 

lubricating effect. By contrast, no humidity effect was observed for the LB 

monolayer confirming the hydrophobic character of this sample. On the other 

hand, we have shown that the friction coefficient for hydrophobin bilayers is 

low, whether deposited by LB + LS or LS +LB transfer, suggesting the formation 

of similar, compact and rigid bilayers. 

The results indicate that for future biomedical applications requiring lubricious, 

low-friction surfaces, LS film and bilayers of hydrophobin are privileged for use. 

b 
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7. Conclusion 

In this thesis, we have investigated the formation and the features of Langmuir 

films of class I hydrophobin from Pleurotus ostreatus. Compression-expansion 

cycles and constant pressure measurements demonstrated that the film at the 

air-water interface exhibits a molecular depletion toward the subphase. As a 

consequence, the number of molecules at the interface, and hence the area per 

molecule are unknown. In order to estimate the surface molecular concentration 

we analyzed the experimental pressure-area isotherms using a 2D equation of 

state Volmer-like. Moreover, when the Langmuir films are transferred onto 

solid substrates by LB and LS techniques, AFM observations revealed the 

formation of homogenous films with lower roughness. Furthermore, AFM 

images of the hydrophobin film after repeated compression cycles showed 

rodlets coexisting with LB monolayer.  From these measurements we were able 

to estimate the rodlets size and the monolayer thickness: we suggest two 

possible models for rodlets formation: (i) the observed rodlets are actually 

formed by hydrophobin bilayers embedded in the LB monolayer. In this case, 

the observed rodlets could be hydrophilic supporting the hypothesis about a 

possible depletion mechanism occurring at least partly through the formation of 

hydrophilic rodlets. (ii) The rodlets can be formed as monolayer. In this case, 

the upper surface of rodlets should be hydrophobic when the film is deposited 

by LB technique suggesting that the protein adopts an extended conformation 

when the rodlets are formed.  

On the other hand, I have investigated using tapping mode AFM the wetting 

phenomenon of hydrophobin films as a function of humidity. I have 

demonstrated that the hydrophilic character of LS film can be highlighted at the 
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nanoscale by detecting the meniscus formation between the AFM tip and 

surface of the monolayer. On the other hand, I have demonstrated no meniscus 

formation between the tip and the LB monolayer. These results confirm the 

hydrophobic character and the hydrophilic one of the LB film and the LS film 

respectively already demonstrated in the chapter 4 by contact angle 

measurements. The approach-retract curves in tapping mode are the good 

alternative to study wetting phenomena at the nanoscale without wearing. This 

method has also been used to analyze hydrophilicity of the rodlets. It finally 

revealed an equivalent hydrophobicity of LB film and rodlets at least partly in 

disagreement with hypothesis (i). 

 In turn, using the harmonic approximation, the Hamaker constant of 

hydrophobin protein was estimated from the phase distance curves. Moreover, 

by analyzing the phase versus distance curves performed in dry conditions for 

hydrophobin films, SiO2 surface and silanized SiO2 surface, more precisely the 

region corresponding to the jump from the attractive to the repulsive 

interactions, I have revealed the existence of a particular interaction in addition 

to the vdW interaction between the tip and the LB film. This particular 

interaction is finally shown to be due to the difference in the elastic properties 

between LB and LS films in particular thorough the calculation of the 

dissipation power and in addition to the numerical simulations. Indeed, using 

force curve measurements in contact mode, I have shown that, no particular 

adhesion force is observed between the Si3N4 tip and the protein LB film in 

comparison that the system tip-LS film. 

 On the other hand, the experimental phase distance curves performed for the 

hydrophobin LB film and the rodlets revealed a strong difference in the jump 

positions of both systems, demonstrating that the rodlets are more rigid than 

the LB monolayer. These results finally appear in agreement with hypothesis 
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(ii) whereas it can not be excluded that rodlets are bilayer with the second layer 

of hydrophobins in a different conformation with respect to the first layer. 

It will be now very interesting to study Langmuir films of HFBII class II 

hydrophobins using the force spectroscopy measurements, since the molecular 

structure of this protein is well known and the loops that are formed between 

the strands in the β-barrel structure are much smaller in comparison with the 

ones in the classe I hydrophobins. This could allow to understand precisely the 

role of these loops in the LB film and to better control how visco-elasticity take 

place in phase-distance curves. 

Nanotribological properties of hydrophobin films were also investigated using 

the lateral force microscopy with Si3N4 cantilever. We have demonstrated very 

low friction coefficient for LS hydrophobin monolayer surface in comparison to 

the LB one. The obtained results for LS monolayer are comparable to those 

obtained for SiO2 surface. The friction coefficient measured for LS film and SiO2 

surface in dry atmosphere (2% RH), are slightly larger than those measured in 

ambient conditions, suggesting that in ambient conditions the water can act as a 

lubricant between the tip and these hydrophilic samples, while in dry 

condition, the absence of water suppresses lubricating effect. By contrast, no 

humidity effect was observed for the LB monolayer confirming the 

hydrophobic character of this sample. The high friction coefficient obtained for 

LB films have finally been attributed to the presence of visco-elasticity 

interactions between tip and surface, similarly to the situation of approach-

retract curves. On the other hand, we have shown that the friction coefficient 

for hydrophobin bilayers is low, whether deposited by LB + LS or LS +LB 

transfer, suggesting the formation of similar, compact and rigid bilayers. 

It will be now very interesting to study the frictional properties of hydrophobin 

rodlets in order to compare to the frictional properties of bilayers and to well 
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understand how the bilayers are formed. In particularly similarities between 

bilayers and rodlets have been demonstrated suggesting, at least, a strong 

interactions between the two hydrophobin layers in this system. It will be 

important to test further the similarity/difference between bilayers and rodlets. 

Generally speaking, these measurements have demonstrated how powerful can 

be AFM for measurements of surface physico-chemical properties, beyond the 

simple topography. Due to the preparation of Langmuir films of well defined 

geometries and hydrophilicities, the physico-chemical properties of 

monomolecular films have been revealed, but also the ones of more complex 

assemblies, as rodlets ones, as well as the induced tribological properties. 
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