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Abstract 
Friction forces between protein / polyelectrolyte layers, adsorption 
properties of proteins, and conformational changes due to variation in 
electrolyte concentration have been investigated. The aim was to obtain 
better understanding of adsorbed layer properties, with focus on the relation 
between layer structure and lubrication capabilities. The major techniques 
used were AFM (atomic force microscope) with colloidal probe for normal 
force and friction measurements together with QCM-D (quartz crystal 
microbalance with dissipation) for measurement of adsorption and 
conformational changes of adsorbed layers.  
A comparison between some techniques for calibration of the AFM 
instrument for friction measurements was made to find the most suitably 
one for colloidal probe friction measurements in aqueous solutions. It is 
suggested that the normal and torsional Sader methods are preferred in 
combination with torsional detector sensitivity measurement, for which one 
new methodology has been proposed. 
Adsorption was studied for bovine serum albumin, cytochrome c, 
myoglobin and mucin, whereas conformational changes of the adsorbed 
layer were monitored only for mucin. It was found that it was essential to 
take into account bulk density and viscosity changes for correct 
interpretations of QCM data when studying the effect of changes in 
electrolyte type and concentration on preadsorbed layers of mucin, and also 
when having different (high) concentrations of proteins in the measuring 
solution. The adsorbed amount of proteins appears to depend on the strength 
of the surface attachment, in such a manner that a too high affinity reduces 
the adsorbed amount. 
Friction properties in aqueous solution have been studied for adsorbed 
layers of PEO45MEMA:METAC co-polyelectrolytes, with varying density 
of grafted PEO45 side chains and varying charge density, as well as for a 
naturally occurring polyelectrolyte (chitosan) and the glycoprotein mucin. 
These polymers were used to cover a wide range of different types of 
adsorbed layers and interactions to gain a better understanding of friction 
mechanisms and demands on layer properties for achieving favourable 
lubrication. It was found that the common features of low friction layers are 
that no attractive forces are present, and that excluded volume and / or 
electrostatic forces counteract chain interpenetration under load. 
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1 Introduction 
The aim of this thesis work was to investigate the properties of adsorbed 
layers of polyelectrolytes and proteins with focus on the lubrication 
capabilities between such layers. The outcome was a better understanding of 
the friction mechanisms and on the demands on the layer properties that are 
needed to obtain low friction. Such understanding is of high interest for 
medical applications, for example as coatings on artificial implant in joints 
or coatings on contact lenses, artificial tear fluid / saliva.  
To this end I have focused on friction measurements in some protein / 
polyelectrolytes systems, on adsorption properties of proteins, and on their 
conformational changes due to varying the surrounding electrolyte 
concentration. The major techniques used in this work were AFM (atomic 
force microscope) for friction measurements together with QCM-D (quartz 
crystal microbalance with dissipation) for measurement of adsorption and 
conformational changes. Calibration of the AFM instrument for friction 
measurements is very important and time consuming, and various 
calibrations techniques are availably and are used frequently by different 
users. Therefore a comparison between some of these techniques was done 
to find the most suitably one for friction measurements in aqueous solutions.  
The friction properties in aqueous solution have been studied for adsorbed 
layers of synthetic polyelectrolytes, with varying density of grafted side 
chains and varying charge density (some of them acting as a polymer bottle-
brush), a naturally occurring polyelectrolyte (chitosan) and the glycoprotein 
mucin. These polyelectrolytes were used to cover a wide range of different 
types of surfaces and interactions. The rationale for this is the open random 
coil structure of mucin that contrasts to the compact globular structure of the 
other proteins used in my investigation. 
Adsorption properties were investigated for different proteins (bovine serum 
albumin, cytochrome c, myoglobin, and mucin) whereas the conformational 
changes of the adsorbed layer due to change in electrolyte type and 
concentration were monitored for mucin only. 
In the following part of this chapter I will briefly discuss surface 
interactions and also the friction that arises when surfaces are sliding against 
each other. In chapter 2, the instruments used within this work are described 
with main focus on AFM and how to use it for friction measurements. This 
is followed by some comments on the material used in the different studies 
that are reported in the publications appending this thesis (chapter 3). The 
included papers are summarised in chapter 4 and this is followed by results 
and discussion in chapter 5. The main conclusions from the papers are 
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summarised in chapter 6. In chapter 7 some perspectives for future research 
are briefly outlined. 

1.1 Surface forces 

1.1.1 Measuring techniques and geometries 
Several different techniques are available for measuring interactions 
between surfaces. They use different setups and different measuring 
geometries. I will briefly mention some of these techniques together with 
the geometry used.  

• SFA (Surface Force Apparatus)1, 2 – Crossed cylinders 
• AFM (Atomic Force Microscope)3, 4 – can be varied (normally 

sphere / flat) 
• MASIF5 – sphere / sphere or sphere / flat 
• TFPB (Thin Film Pressure Balance)6 – flat / flat 
• JKR apparatus7 – sphere / flat 

 

To be able to compare results obtained with different geometries one needs 
to adopt the Derjaguin approximation,8 which relates the force (F) measured 
for a specific geometry to the interaction free energy per unit area (W) 
between two flat surfaces separated the distance D: 

normR
DFDW

π2
)()( =  (1.1) 

Where Rnorm is the normalized radius, which depends on the geometry used. 
For instance, sphere/flat: Rnorm = Rsphere, crossed cylinders 21RRRnorn = ; 
sphere/sphere Rnorm = R1R2/(R1+R2). 
Of the above mentioned techniques, the most commonly used one is AFM 
followed by SFA. 

1.1.2 DLVO forces 
In liquid media the interaction between two non-polymer bearing surfaces is 
commonly dominated by van der Waals attraction and electrostatic double 
layer forces, and these forces are commonly assumed to be additive. This is 
the theoretical prediction that forms the basis of the so-called Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory.9, 10 Because of different distance 
dependence of the van der Waals and electrostatic interactions, the total 
force law as described by DLVO theory, can show several minima and 
maxima. 
The van der Waals force is due to interactions of electromagnetic nature 
(London or dispersion interactions) between the different surface materials. 
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To obtain an expression for the van der Waals interaction between particles 
one may use the method due to Hamaker,11 in which the summation of all 
pair wise contributions between the two bodies is carried out as an 
integration. This approach leads to a very simply analytical expression that 
for sphere/sphere, sphere/flat, and crossed cylinders takes the form: 

26
)(

D
AR

DF norm
vdW =  (1.2) 

 
Where D is the separation distance, Rnorm as above and A is the material 
dependent Hamaker constant. The van der Waals force is always attractive 
between identical surfaces of the same material, but can be repulsive 
between surfaces of dissimilar materials. The more advanced Lifshitz 
theory8 results in the same expression (Eq 1.2), but the Hamaker constant 
will have a different value. 
The electrostatic interaction originates from the fact that most surfaces in 
contact with a highly polar liquid (e.g. water) acquire a surface charge. 
Either by dissociation of ions from the surface into the solution or by 
preferential adsorption of certain ions from the solution. This surface charge 
is balanced by a layer of oppositely charged ions (counterions) in the 
solution within some distance from the surface. In dilute solutions, the 
characteristic distance of the diffuse ionic cloud around the charged surface 
is the Debye length, κ-1, which is purely a property of the electrolyte 
solution. The Debye length falls with increasing ionic strength of the 
solution. In totally pure water at pH 7, κ-1 is 960 nm, and in 1 mM NaCl 
solution κ-1 is 9.6 nm.12 
Since the Debye length is a measure of the thickness of the diffuse 
surrounding of counterions near a charged surface, it also determines the 
range of the electrostatic double-layer interaction between two charged 
surfaces. The electrostatic double-layer interaction is an entropic force that 
arises upon decreasing the thickness (volume) of the liquid containing the 
dissolved ions and opposite charges on the surfaces. The ions stay between 
the surfaces, generating an osmotic repulsion as their concentration is 
increased in the gap between the surfaces. The electrostatic interaction free 
energy at large separation (D > κ-1) between two similarly charged surfaces 
is repulsive with an exponential decay: 

DCeDW κ−=)(  (1.3) 
Where D is the distance between the two surfaces and C is a constant that 
depends on the geometry of the interacting surfaces, their surface charge 
density, and the solution conditions. C can be determined by solving the 
Poisson-Boltzmann equation. At small separation one must use numerical 
solutions of the Poisson-Boltzmann equation to obtain the exact interaction 
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potential, for which there are no simple and accurate expressions. In the 
limit of small D, it can be shown that the interaction energy depends on 
whether the surfaces remain at constant potential, ψ0, or at constant surface 
charge density, σ, or somewhere between these limits. In the “constant 
charge limit” the total number of counterions in the compressed film does 
not change as D is decreased, whereas at “constant potential limit”, the 
concentration of counterions is constant.8 

1.1.3 Polymer induced forces 
The interactions between adsorbed polymer layers in a liquid medium can 
be attractive or repulsive, and depend on a large number of parameters such 
as polymer architecture, molecular weight, surface coverage, polymer-
surface affinity and solvency.8 Polymer-induced forces arise when two 
polymer layers start to overlap, whereby increasing the segment density 
between the surfaces. This results in a repulsive force contribution from the 
decreased entropy of mixing. The polymers will also lose some 
conformational freedom, which will decrease the conformational entropy 
and contribute to the repulsive force. Further, some segment-solvent 
contacts will be replaced by segment-segment contacts, and this force 
contribution can be either repulsive or attractive depending on the solvent 
quality. The range of the steric force reflects the length of the tails, and the 
outermost part of the force profile between adsorbed homopolymer layers is 
predicted to have an exponential decay according to the weak overlap 
approximation.8 
Theories of steric interactions are rather complex, but Alexander – de 
Gennes have, using scaling arguments, arrived at a simple analytical 
expression for the steric interaction acting between brush layers.13 The force 
acting between two polymer brush layers in a good solvent has, according to 
their, theory the following form:14 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛≈ 12

2
527

35
16)( 4745

3 L
D

D
L

s
kTLC

R
DF π

 (1.4) 

where L and s are the thickness of each brush layer and the average lateral 
distance between grafting sites of the brushes on each surface, respectively. 
Eq 1.4 is valid for the sphere on flat geometry used in my AFM study. It 
should be noted that the numerical prefactor, C, is not predicted by the 
theory but it is expected to be in the order of unity.  
Bridging forces can occur when a polymer molecule is attracted to, two 
interfaces at the same time. As two surface approach sufficiently close to 
each other, a polymer which is adsorbed onto the first surface may be able 
to adsorb also onto the other surface,15 forming a bridge between them. 
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Since this results in an increased number of possible conformations for the 
polymer, it has been argued that the attraction is of entropic origin.16 

1.2 Friction 
Friction is a fundamental physical phenomenon occurring wherever two 
contacting surfaces are in relative motion. Mankind has struggled against, 
and used, friction since ancient times.  
The ability to control and manipulate friction forces is extremely important 
for many applications. One may wish to reduce or enhance friction. Such 
control can be technologically important for micromechanical devices and 
computer disk drives, where the early stages of motion and the stopping 
processes often exhibit unwanted stick–slip or damage. In contrast, chaotic 
stick–slip may be desirable, for example, in string instruments.  
The control of friction forces has been traditionally approached by chemical 
means, usually by supplementing base lubricants with friction modifier 
additives. But there are also situations when one wants high friction, as in 
clutches and brakes, or stick–slip, to enrich the sound of a violin and 
improve the feel or ‘texture’ of processed food as sensed during biting and 
chewing. 
To be able to achieve the desirable high or low friction, it is important to be 
able to study the friction force for different systems. 
Classically, friction is often discussed in terms of Amontons’ law, where μ 
is the coefficient of friction.  

loadfric FF μ=  (1.5) 
Where Ffric is the friction force and Fload is the applied load.  

1.2.1 Measuring techniques for studying friction 
There exist various techniques for measuring friction on different length 
scales and with different sizes of contact areas. Testing instruments have 
more or less specific design for the different systems of interest. For macro-
scale measurements, one often measures the friction force when a test body 
slides over a surface. These types of measurements are widely used in the 
industry for process control, for example during paper making.17-22 On 
micro- and nano-scale sizes the dominating instruments for measuring 
friction are AFM and SFA with friction attachment (T-SFA).  
The T-SFA instrument measures friction in micro scale contacts using the 
geometry of two crossed cylinders covered with atomically flat mica sheets. 
The mica sheets can be chemically modified with different surface treatment 
techniques (plasma activation followed by silanation, LB-depositions, gold 
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evaporation followed by thiol adsorption) which gives a wide range of 
different surface chemistry possibilities.23-28 
AFM is used to measure friction at micro or nano-scale contacts. Different 
geometries are availably with this technique; such as sphere / sphere, fibre / 
fibre, sphere / flat etc. (This technique will be described in detail in the next 
chapter since AFM has been employed for the friction measurements 
presented in this thesis).  

1.2.2 Biolubrication 
In biological systems water-based lubricants function well;29 where the 
charged hydrophilic surfaces provide an electrostatic “double-layer” 
repulsion, in addition to the “steric” repulsion of any protruding polymer or 
polyelectrolytes and the hydration layer of tightly bound water molecules,28 
all leading to low friction. Recent experiments30 indicate that brushes of 
charged polymers (polyelectrolytes) attached to sliding surfaces across an 
aqueous medium result in superior lubrication (friction coefficient μ < 
0.001) at low sliding velocities and pressures up to a few atmospheres. This 
suggests that some biolubricating systems, such as in the eyes, may be 
mediated by brush like polyelectrolyte layers.23 However, other 
experiments18, 25 show that brushes may not function well at high pressures 
where wear (damage) and/or higher friction coefficients are usually 
measured, indicating that high-pressure, high-impact systems, such as in the 
hip or knee joints, may be mediated by more complex mechanisms. 
Currently, no model system exhibits both low friction and good wear 
resistance at high pressure (and over a large range of velocities); however, 
exploring polyelectrolytes seem to be a way to make progress. 
Recent experiments performed on chitosan attached to surfaces sliding past 
each other across an aqueous medium resulted in superior lubrication at low 
sliding velocities and at pressures of up to 6 atm (μ = 0.003).26 However, 
other experiments involving poly(l-lysine)-g-poly(ethylene glycol),18 cross-
linked hyaluronic acid (HA)25 and lubricin layers24 attached chemically to 
sliding surfaces in aqueous media show that such systems do not generally 
function well at higher pressures (>3-10 atm), where damage18 and/or high 
friction24, 25 are measured, although cross-linked HA and lubricin appear to 
be good wear protectors (but with high friction coefficients). 

1.2.3 Friction models 
The friction force needed to slide a body over a surface is related to the 
energy dissipation per unit time and unit surface area, W:31 

v
WA

F eff
f =  (1.6) 
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where Aeff is the effective contact area and v the sliding velocity. 
It has been suggested32 that the main energy dissipation mechanism between 
sliding polymer-coated surfaces is the dragging of polymer chains through 
the interpenetration zone. Other dissipation mechanisms are the flow of 
solvent through the polymer layer, and the formation and breakage of 
attractive interactions between the opposing layers. The very low coefficient 
of friction observed between brush polymer layers compared to layers of 
adsorbed linear homopolymers has been assigned to lower chain 
interpenetration (see illustration in Figure 1.1) in the former systems.32 
Since the size of the chain interpenetration zone for brushes growths only 
little with compression,32 the interfacial region is able to maintain a high 
fluidity (low effective viscosity in the interface region due to the low 
amount of interpenetrating chains) even under significant load. 
Lubrication by thin films is a complex phenomena which can conceptually 
be illustrated by the so-called Stribeck curve,31, 33 see Figure 1.2. In this 
curve the friction coefficient, μ, is plotted versus a film dependent 
parameter (ηωP-1; η is the viscosity of the film separating the sliding 
surfaces, ω is the shear rate and P is the pressure). This treatment suggest 
that film lubrication can be divided into three different regions.31, 33 

• Hydrodynamic lubrication (thick films), where the surfaces are 
separated by a relatively thick lubrication film whose properties 
dominate the friction force acting between the surfaces (dependent 
on viscosity) and leads to an increase in friction with increasing 
film parameter (ηωP-1). 

• Boundary layer friction, where the friction is dominated by the 
surface properties (e.g. thin adsorbed films or surface asperities).  

• Mixed lubrication, a transition between hydrodynamic lubrication 
and boundary layer friction where both mechanisms are 
contributing to the friction. 

 
Figure 1.1: Illustration of interpenetration (shaded area) when polymer 
layers are approaching each other. The case to the right has a smaller 
interpenetration zone than that to the left. Thus lower friction is expected in 
the former case. 
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Figure 1.2: The Stribeck curve demonstrating the variation of the friction 
coefficient, μ, as a function of the film parameter ηω/P. 

When friction is measured in the boundary layer regime, as was the case in 
my studies, or in the mixed regime the classical Amontons’ law does not 
fully work, and one needs to modify this equation to the following form: 

loadloadfric FCFF μ+=)(  (1.7) 
where C is a constant able to shift the friction force at zero load. The 
constant C can be positive or negative, depending on the system studied. For 
example in Paper II this constant is negative since some of the applied load 
is carried by electrostatic repulsion between the two surfaces. On the other 
hand, in Paper III this constant is positive when we have adhesive 
interaction between the surfaces, and it is expected that the value of C will 
increase with the strength of the attraction.  
Different theoretical models attempt to explain the origin of the friction 
force on a molecular level. The Cobblestone model31 is one such, and here 
C = ScA; where Sc is the critical shear stress and A is the contact area. In this 
model Sc can in simple terms be explained as the force needed to push the 
molecules over each other in analogy to pushing a cart over a road of 
cobblestones. The cartwheel (representing the molecules of the upper 
surface) must be made to roll over the cobblestones (molecules of the lower 
surface) before the cart can be moved. 
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2 Instruments and methods 

2.1 AFM 
The Atomic Force Microscope (AFM) was invented by Binning et al.,3 and 
it can be used for a wide range of different measurements. It is mainly used 
for its great ability to image different types of samples at different resolution 
down to atomic resolution.34-36 But there are a lot more that can be done 
with an AFM. For example one can measure interactions forces between 
different objects37, 38 or within proteins.39 It is also possible to use the AFM 
to manipulate the substrate via etching,40 scratching,41 moving42 different 
objects or locally modify self organized layers.43, 44 

2.1.1 Principles 
An AFM can look different dependent on the producer of the instrument. 
But common features are: 

• Laser together with a detector 
• Scanners to move the sample (or the probe) in three perpendicular 

directions 
• Cantilever with a probe (normally a very sharp tip) 
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Figure 2.1: Schematics of the different important parts of the AFM: laser, 
cantilever, probe, detector (photodiode) and scanner. The top right 
illustration shows the imaging possibility where a tip is used as a probe to 
sense the morphological structure of a sample surface. The bottom right 
schematic illustrates the option to use a closed environment for liquid 
measurement or to use controlled atmosphere during the measurements. 



 10

 
Figure 2.2: In a split photodiode one can easily follow the movement of the 
laser spot in both horizontal and vertical direction. The movement of the 
laser spot on the photo detector is proportional to the position change 
(bending and twisting) of the cantilever. The output from the detector is 
normally in voltage; Vnorm respectively Vlat. 

The main principle behind AFM is to reflect a laser beam on the free end of 
a cantilever. The reflected laser is transferred into a detector system. The 
detector is sensitive to position changes of the cantilever as it is bending or 
twisting. The most commonly used detector is a split (four sector) 
photodiode. The detector system is very sensitive and can for example be 
used to detect thermal motion of the cantilever. 
The scanner is used to move the cantilever position relative to the sample. 
Either the sample is moved or the cantilever and hence the whole laser and 
detector system is moved. In the following text I will refer to the scanner as 
it moves the sample. The position of the scanner can be determined with 
high resolution in all directions (lateral, x/y, respectively in height z). It is 
normally made of piezoelectric materials. Piezoelectric materials have the 
drawback that they have hysteresis that needs to be taken into consideration 
by a suitable calibration procedure. To overcome the hysteresis problem 
some systems use closed-loops, e.g. positioning sensors with feedback to 
the driving of the scanner enabling more precise positioning. 
The cantilever is the sensing part of the AFM, and the cantilever probe is 
normally mounted as a sharp tip at the free end. The shape of the cantilever 
can be varied; the most common geometries are rectangular shape and 
triangular double beam. The cantilever is normally based on silicon based 
materials; SiO2, SiN3 etc. The cantilever sensitivity can be varied by 
choosing between different commercially available spring constants in the 
range of 0.002 N/m to 400 N/m. 
An important improvement for the surface chemistry society was the 
invention of the colloidal probe technique by Ducker et al.45, 46 They glued a 
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spherical particle to the cantilever to enable measurement of interactions 
between a surface and larger particles. The use of the name colloidal is little 
misleading but there should be a possibility to use small objects. The 
limitation is only in the skills required to attach/glue the object of interest to 
the cantilever and or at the substrate, and also to get the objects of interest in 
contact during the measurements. In general one can attach anything to the 
cantilever, it is just to use your imagination. Recently we reported on the 
success of using fibres as probe to measure interaction (force and friction) 
between two crossed polyester fibres.37 
AFM can be used in many different modes, depending of the information 
one wants to obtain from the measurement. The common techniques of 
imaging can be of varying kinds. In imaging the probe is rastered over or in 
contact with the surface using feedback on the z-axis (height), keeping one 
detector signal constant by raising or lowering the sample. An alternative 
method compared to imaging is normal force measurement, in which the 
sample is ramped up and down bringing the probe in contact with the 
surface to detect forces acting between the sample and the probe. These 
techniques will be addressed in more detail in the following subsections.  

2.1.2 Imaging 
The two major imaging methods will be briefly described in this section. 
First I will describe an imaging method called contact mode followed by a 
description of the tapping mode. 
In contact mode the probe and sample are in contact with each other during 
imaging. The operator selects the level of the force that is applied between 
the probe and sample, via a setpoint (normally in the unit volt) for the 
vertical detector response. The level of this detector response is then aimed 
to be constant (at the setpoint value) during the “scanning” when the sample 
is moved back and forward under the cantilever. If a peak on the sample 
pass by the probe then the cantilever will react by pushing the cantilever 
upwards (this should make the detector signal to increase), but the feedback 
in the system will lower the sample so that the detector signal remains 
constant. By recording the sample height for each position on the sample 
one creates a three dimensional image of the surface topography, and by 
recording the detector response one creates an image of the error within the 
height image.  
Tapping mode® (trademark by Veeco Instruments) or AC mode is a very 
common technique for imaging in air or liquid. The cantilever is oscillated 
close to the fundamental resonant frequency while the sample is scanned 
under the oscillating cantilever. The system tries to keep the amplitude of 
the oscillation constant by using a feedback on the height that raises or 
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lowers the sample if there are any irregularities on the sample, i.e. surface 
topography.  

2.1.3 Force measurements 
Forces between the sample and the probe can be measured by letting the 
probe approach the sample in a controlled way. This is done by ramping the 
sample vertically, from below up towards the probe and down again.  

������	
��
���	�	���

���������


�����

�����
�����������
��������
	�

�


�
�

�
�
�
�

�������	����	���
������������
�	�����������

���������������
������
��	������������
���	
�	�

��������	


�������������������������
���
�������
������������������������
���
�������
��������

��������������������������
��������������	�	����
��

��
���
����
���
��
���

������	�����


��	��	��
�����	�	���


�
���

���
��

�

�

	

���������	
������

�

����

�



�

��������	����
�
���	���� !�������	� ��	�"������

�
���

��
��
��
��



�!

�
�	
��
��
 !
���

���
��
 �
��
!�
��
��
��

��
����

��
�� ���

�
�

 
Figure 2.3: The insert in the top right corner is a schematic illustration of 
the force measurement, with the important quantities marked with the 
respective symbol used in the algorithm to transform primary data into force 
vs separation data. 
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During the approach the probe will at some point come in contact with the 
sample. If the sample is continuing to move upwards, then the probe and the 
sample will move together. This part of the force curve is called the constant 
compliance region; the slope of this deflection versus displacement curve is 
referred to as the deflection sensitivity, α, and this quantity is needed to 
convert the deflection signal into force. The algorithm used to transform the 
deflection versus displacement data into force versus apparent separation is 
presented in Figure 2.3. 
When measuring forces between soft adsorbed layers, it is best to use the 
deflection sensitivity measured between the hard substrates before 
adsorbing the layers. The reason for this is that once the layers have formed 
it is difficult to reach “hard wall” contact, and thus difficult to obtain the 
true deflection sensitivity. Also, when pressing extra hard with a cantilever 
one will reach the region in the detector system that is non linear, and hence 
the deflection sensitivity will be inaccurate. The approach of using the 
deflection sensitivity determined between the substrate surfaces prior to 
adsorbing the soft layers has been utilised in Papers II, III, and VI. 
A good short review of the topic of force measurement is presented in 
ref 47, a more comprehensive review are presented by Butt et al.48 The 
measurement of force curves are straightforward, the tricky part is the 
interpretations of what the force curves actually tell us about the 
investigated systems.  

2.1.4 Friction 
Friction is measured by scanning the sample in contact mode perpendicular 
to the cantilever.49 If there is any friction due to the contact, then the 
cantilever will twist. This is illustrated in Figure 2.4.  
 

 
Figure 2.4: Schematic illustration of the cantilever as the surface is 
approaching (left) and makes the cantilever to bend when in contact 
(middle) when the surface is moving in lateral direction the friction force 
makes the cantilever to twist (right). 
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Figure 2.5: Friction vs load curve from one friction ramping measurement. 
The three dimensional plots represents the raw data for the selected applied 
loads (red circles). 

The friction force is determined by capturing “contact mode images” using 
a scanning angle perpendicular to the cantilever at different applied loads 
(deflection set points, VNset). The imaging is done with the slow scan axis 
disabled. Each “image” consists of 10 lines that record the friction (i.e. the 
horizontal twisting) when moving the surfaces in both scanning directions. 
The capturing of image files and the variation of the applied load can be 
handled by the instrument software using a built-in scripting tool. I adopted 
the following procedure for a typical friction experiment. Firstly, five force 
displacement curves were captured. Secondly, a friction ramping 
experiment (illustrated in Figure 2.5) was carried out. That was executed by 
firstly increasing the deflection set point stepwise from no applied load up 
to a desired maximum applied load, and then decreasing it again stepwise 
until the probe was detached from the surface. The friction was determined 
at each load, both on loading and unloading. After this friction ramping, five 
additional force displacement curves were captured. This was done to check 
the stability of the detector signal at zero load, and to investigate the 
integrity of the sample after the friction measurements. 
The resulting friction images were analyzed to extract the friction force and 
the coefficient of friction, μ, by using the following algorithm: calculate the 
difference between the friction signals from the two different scanning 
directions for each scanning lines, remove the first and last x-number of 
points (x≈20) in each end of the scanning line corresponding to the turning 
of the probe on the surface. The difference in friction detector signal, 



 15

ΔVfric (V), is then averaged over the remaining points in each image. The 
friction force, Ffric, is calculated using the following equation: 

eff

fric
fric h

kV
F 1

2 δ
φΔ

=  (2.1) 

Where kφ is the torsional spring constant, δ is the torsional detector 
sensitivity and heff is the effective height of the probe (i.e. the diameter of 
the colloidal particle plus half the thickness of the cantilever). The applied 
load, Fload (N), is calculated from the deflection set point (α is normal 
deflection sensitivity and kv is normal spring constant): 

( ) vloadNsetload kVVF α0−= . (2.2) 
The effective coefficient of friction, μeff, is calculated as the ratio between 
Ffric and Fload. 

2.1.5 Calibration 
For all AFM measurements a calibrated scanner is crucial. The scanner is 
calibrated by imaging well defined grids both in lateral and horizontal 
directions. For force and friction measurements the spring constants of the 
cantilever is of high importance since they are used to transfer the cantilever 
bending, respectively cantilever twisting, to forces. A lot of different 
methods have been proposed for calibrating the normal respectively 
torsional spring constants. One also needs to have some conversion factors 
to convert the detector response into cantilever motions, called detector 
sensitivity (both for normal and torsional, friction, mode).  

2.1.5.1 Normal spring constant 

2.1.5.1.1 Cleveland method 
The Cleveland method is based on measuring the change in resonant 
frequency due to an added mass.50 The resonant frequency decreases when a 
mass is attached to the cantilever. The relation between the resonant 
frequency, fv, and the mass is:  

e
v

v
s m

f
k

M −= 2)2( π
  (2.3) 

By attaching several different masses (Ms), e.g. different spheres with 
known density, and measuring the corresponding normal resonant frequency 
enables the normal spring constant kv to be determined from the slope of a 
linear plot of Ms vs (2πfv)2. (Where me is the effective mass with no load on 
the cantilever.) 
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2.1.5.1.2 Sader method 
The Sader method is using the principle that a viscous fluid damps the 
thermal motion of a body, hydrodynamic damping. The cantilever is 
allowed to vibrate freely due to thermal motion in a fluid such as air. The 
frequency (fv), and Q-value (Qv) of the fundamental normal resonance is 
used together with the dimensions (length, l, and width, b) of the cantilever, 
the density (ρ) and viscosity (η) of the fluid. These parameters are then used 
to calculate the normal spring constant (kv)51 

)(Re)2(1906.0 22
v

v
ivvv flQbk Γ= πρ   (2.4) 

η
πρ

4
2

Re
2

v
v

fb
=   (2.5) 

Γi
v(Rev) is the imaginary component of the hydrodynamic function for 

normal vibrations as described in detail in ref 52. 

2.1.5.2 Torsional spring constant 

2.1.5.2.1 Cleveland method 
The change in resonant frequency due to an added mass is determined 
similar to the normal spring constant calibration by Cleveland.53 

e
t

s J
f

kr
−= 2

5

)2(15
28

π
πρ φ   (2.6) 

By attaching several different spheres (with radius r and density ρs) and 
measuring the corresponding torsional resonant frequency, ft, enables the 
torsional spring constant, kφ, to be determined from the slope of a linear plot 
of 28πρsr5/15 vs (2πft)2. (Where Je is the effective mass moment of inertia.)  

2.1.5.2.2 Sader method 
The Sader method for determining torsional spring constants53 is similar to 
the normal Sader method described above, and based on the hydrodynamic 
damping of the resonant frequency. The frequency (ft), and Q-value (Qt) of 
the fundamental torsional resonance is used together with the dimensions 
(length, l, and width, b) of the cantilever, the density (ρ) and viscosity (η) of 
the fluid. These parameters are then used to calculate the torsional spring 
constant (kφ) as: 

)(Re2)2(1592.0 4
t

t
itt flQbk Γ= πρφ  (2.7) 



 17

��� ��� ��� ��� ��� ��� ���
��� ��!���

"
#
$%
��&
��
��
��
�&
��

��� ��� ��	 ��
 ��� ��' � ��� ��� ��� ���

(���
���

�

���

�

���

�

���

�

���

�

���
(���

���

������
�

��
��

� ��
� �

��)
��

�

 
Figure 2:6: Left; torsional frequency response due to added mass. The black 
spectra corresponds to the unloaded cantilever, while blue and red spectra 
are obtained with particles with increasing size attached to the cantilever. 
This makes the resonant frequency to decrease. The right graph illustrates 
the calibration plot where the linear slope gives the torsional spring 
constant. 
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Figure 2:7: Typical thermal torsional frequency spectra measured with a 
cantilever. A single harmonic function with added white noise is fitted to the 
data giving the Q-factor and also f0 . 

η
πρ

4
2

Re
2

t
t

fb
=   (2.8) 

Γi
t(Ret) is the imaginary component of the hydrodynamic function for 

torsional vibrations described in ref 54.  

2.1.5.2.3 Direct methods 
The pivot55 and lever56 methods are both based on the one and the same 
principle of using the piezoactuator to move a known distance at some 
distance from the cantilever axis thus providing a turning moment, though 
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the way the resulting data are treated differs slightly between the two 
methods. They both provide a direct static measurement of the spring 
constant, measured under similar conditions as when the cantilever is used 
to measure friction. The deflection sensitivity α0 for a load applied at the 
centre of the cantilever is compared to the deflection sensitivity αL and the 
lateral or torsional sensitivity βL when the load is applied at a distance L 
from the central axis. If δ, the detector lateral sensitivity (V/rad), is known 
then a torsional constant can be obtained. Alternatively as in the lever 
method,56 a torsional calibration factor γ (Nm/V) can be used to convert 
volts to torque directly. (Note that in this case the measurement is geometry 
and instrument dependent.) The various sensitivities and calibration factors 
are related by the following equation:55, 56 

γ
δ

αβ
α

φ

LL
kk Lv

L ==
0

  (2.9) 

In the pivot method55, a linearization plot of (αL/(kvβLα0)) vs L gives kφ /δ as 
the gradient (i.e. 1/γ ).  Strictly, δ can be determined in a similar way55 from: 

δ
ααβ L

LL =− )/1( 0  (2.10) 

however the errors are usually too large to permit this to be done reliably 
and an independent method is preferred.55, 57-59 In the pivot method a contact 
mode cantilever tip is glued upside down on a planar substrate and mounted 
on the piezo scanner. This is henceforth referred to as a pivot. The pivot was 
then used to twist the tipless cantilever to be calibrated. Force curves were 
captured (deflection, friction and z-sensor) at different points along the 
width of the cantilever. This was done automatically with a built-in script 
handling both the positioning and force curve measurements (Autoramp). 
The positioning in the script used the Y-offset with an aimed step size of 2 
μm. The resulting force curves are then analyzed to calculate α0, αL, βL and 
thus obtain values for γ and kφ. A plot of 1/β versus L should be linear 
through the origin, hence the zero position for L was defined such that the 
line of best fit passed through the origin. This corrected L was also 
employed for any calculations of γ and kφ. The torsional spring constant was 
calculated with Eq 2.9 from the slope of the linearization plot with δ given 
from the external detector calibration in air.  
While performing force curve measurement on the pivot with the script, the 
movement of the pivot was imaged with the optical viewing system 
mounted over the AFM. The resulting images were analyzed to account for 
nonlinearity of the Y movement and obtain the real position of the pivot in 
relation to the cantilever (L). The movement was highly nonlinear, but it 
was extremely well described by a 2nd order polynomial.  
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Figure 2:8: Right schematic illustration of the pivot method, left typical data 
from a pivot experiment. 
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Figure 2:9: Schematic illustration of lever method.  

In the lever method a single value of L is used corresponding to the length 
of a glass fibre lever glued to the cantilever and the torsional spring constant 
is obtained using the following equation (obtained from Eq 2.9 and 2.10). 

)1/( 0

2

−
=

ααφ
L

v Lk
k  (2.11) 

When using γ  (calculated from a rearranged form of Eq 2.9) instead of the 
torsional spring constant, the friction force is calculated by: Ff=γΔVlat/2heff. 

2.1.5.3 Torsional detector sensitivity 
Torsional spring constant is only half the issue since it is actually the lateral 
photodetector signal which is measured and this needs to be calibrated in 
terms of angle. There is no obvious torsional analogy to the so called 
sensitivity, or constant compliance measurement against a hard substrate for 
the normal calibration60 that can be performed in situ during the experiment. 
Thus, it is crucial to calibrate the torsional detector sensitivity for the 
medium and geometry to be employed in the experiment. 
Different methods exist,55, 57-59, 61, 62 and the one used within this work is a 
modified version of that described in ref 55. First, a cantilever was mounted 
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in the AFM head and the laser and detector were aligned, the cantilever was 
removed and a mirror was mounted on the scanner to reflect the laser onto 
the detector. A three-leg scanner was used to tilt the AFM head. Small 
changes in the torsional tilt angle were achieved with the built-in step 
motor, the actual tilt was determined optically with image analysis and 
geometrical calculations to obtain the actual tilt of the AFM head, see 
Paper I.  

2.2 QCM-D 
QCM stands for Quartz Crystal Microbalance and the name indicates what 
the technique is about. In this technique one uses a piezoelectric quartz 
crystal to sense small changes in mass. This is done by oscillating the quartz 
crystal at different odd-multiples of the resonant frequency. If there is any 
change in mass, for example due to adsorption, the resonant frequency of 
the quartz crystal will change. Hence, changes of the resonant frequency 
reflect the changes in mass that are sensed by the quarts crystal. 
Normally a QCM instrument uses thin circular quarts crystals (AT-cut) with 
electrodes on both top and bottom side. An alternating current voltage is 
applied through the electrodes making the crystal oscillate; the frequency is 
adjusted to find the resonant frequency. The resonant frequencies of 
different odd multiples are then monitored with respect to time by the 
instrument. To enable measurement of adsorption on different materials, 
one surface of the circular disc is covered by a thin layer of the material of 
interest. This is normally done by evaporation and the crystals are bought 
ready made with the surface of interest. QCM measurements can be 
preformed in different media; liquid, air, gases and vacuum. 
For instance, protein adsorption at the water / sensor interface can be 
followed by the frequency changes, but adsorbed protein layers also have 
some degree of structural flexibility or viscoelasticity, that also affects the 
frequency. Viscoelasticity can be visualised by measuring the energy loss, 
or dissipation, of the shear movement of the crystal in water. One way of 
measuring dissipation is to drive the crystal with A/C current at the resonant 
frequency followed by disconnection and analysis of the resulting damped 
sinusoidal curve.63-65 This invention of pulse assisted discrimination of 
frequency and dissipation makes QCM-D analysis of adsorbed protein 
layers very simple and gives unique information about the viscoelastic 
behaviour of the adsorbed protein layers and surrounding water. Very small 
structural and orientational changes of an adsorbed protein layer, including 
chemical cross-linking, can be monitored with high accuracy.  
The amplitude of the oscillating crystal is in the range of a few nm when 
measuring in water.66, 67 Additionally, the oscillation of the crystal generates 
an exponentially decaying shear wave into the liquid.68 The decay length of 
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this shear wave is dependent on the overtone number, and on the density 
and viscosity of the solution. In water the decay length is approximately 
240nm, 140nm and 110nm, respectively for the fundamental frequency, for 
the third overtone, and for the fifth overtone (calculated with Eq 6 in ref 69).  
The primary data from QCM-D measurements are the change in resonant 
frequency of the oscillator, ∆f, and the change in dissipation value, ∆D, 
where the dissipation is defined as: D = Edis/(2πEst), with Edis being the 
energy dissipated during one period of oscillation and Est the energy stored. 
When the electrolyte type or the electrolyte concentration is changed, it 
affects the bulk density, ρ, and viscosity, η, that induce a change in 
frequency and dissipation that is not due to the adsorbed layer. The 
frequency shift can, according to Kanazawa and Gordon,68, 70, 71 be 
calculated as: 
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where n denotes the overtone number, f0 is the fundamental frequency of the 
quartz crystal in air which is 4.95 MHz, ρq is the specific density of quartz 
(2648 kg/m3), μq is the shear wave velocity of quartz (2.95×1010 kg/ms2) and 
the subscripts s0 and s denote reference electrolyte (buffer or water) and 
electrolyte, respectively. The change in dissipation due to changes in the 
bulk has been suggested by Rodahl and Kasemo69 to be given by: 
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where tq is the thickness of the quartz crystal (3.3×10-4 m). 
The frequency and the dissipation are also affected by adsorption to the 
crystal surface, and by conformational changes of the adsorbed layer. The 
Sauerbrey equation72 is commonly used to obtain the sensed mass, Δm, from 
the change in resonant frequency, Δf: 

0nf
ft

m nqq Δ⋅⋅
−=Δ

ρ
 (2.14) 

Where Δfn is the change in resonant frequency for overtone n. The 
Sauerbrey equation has been suggested to be a good approximation when 
changes in the dissipation value, ΔD, is less than 10-6 per 5 Hz of Δf.73, 74 
Note that the sensed mass includes the mass of the adsorbing species as well 
as changes in the mass of the solvent that oscillates with the crystal. It is 
also affected by the viscoelastic properties of the layer. 
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The Johannsmann model75 is more accurate and informative since it uses 
QCM data from several overtones to create a regression line that derives the 
true sensed mass. Note that the true sensed mass still contains contributions 
from both the adsorbing species and solvent oscillating with the crystal. It is 
an advantage over the Sauerbrey method in that it accounts for the 
viscoelasticity of the adsorbed layer. Johannsmann derived an equation from 
acoustic impedance and shear modulus of quartz resonators that related the 
value of Δf to the various properties of the resonator and the adsorbed layer: 
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where f̂δ  is the shift in the complex frequency, d is the thickness of the 
film, f is the resonant frequency of the crystal in contact with solution and 

( )fĴ  is the complex shear compliance. Eq. 2.15 can be rewritten more 
conveniently by using the equivalent mass, *m̂ , defined by: 
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and one obtains: 
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The true sensed mass, m0, is calculated under the assumption that ( )fĴ  is 
independent of the frequency in the accessible frequency range. A plot of 
the equivalent mass against the square of the resonant frequency for 
different overtones gives the true sensed mass as the y-intercept.75 If the 
measured data show good linearity it confirms that ( )fĴ  is independent of 
the frequency. 
It is important to remember that the resonant frequency is related to the total 
oscillating mass, hence, monitoring resonant frequencies leads to a detection 
of “apparent” or “sensed” adsorbed mass, meaning that also the mass of 
water trapped in the adsorption layer is included. This constitutes an 
important difference from other techniques such as ellipsometry or 
reflectometry where the adsorbed amount of the adsorbate alone can be 
detected. This difference is important to keep in mind when comparing the 
results obtained with different techniques. 

2.3 Viscosity 
Viscosity is a measure of the resistance of a fluid to deform under shear 
stress. It is commonly perceived as "thickness", or resistance to flow. 
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Viscosity describes a fluid's internal resistance to flow and may be thought 
of as a measure of fluid friction. Thus, water is "thin", having a low 
viscosity (∼1 mPa s), while motor oil is "thick" having a high viscosity 
(∼250 mPa s). 
A viscosimeter is an instrument used to measure the viscosity and flow 
parameters of a fluid. The classical method for determining viscosity is to 
measure the time it takes for a fluid to flow through a capillary tube, this 
method has been refined by Ubbelohde and others.76, 77 The glass tube 
viscometer is still the most common method for the standard determination 
of the kinematic viscosity of water solutions, and this method was utilized 
in Paper IV and V. 

2.4 Density 
Anton Paar DSA 5000, is a densitometer combined with measurement of 
sound velocity. The density is measured with the oscillating U tube 
principle, i.e. the shift in resonant frequency is related to the mass of the 
sample. The sample cell is a fixed volume U shaped glass capillary that is 
temperature regulated and for which the resonant frequency can be 
measured accurately. The resonant frequency of the U cell is measured by 
the instrument and report the density of the medium injected in the 
measuring cell, and this method was utilized in Paper IV and V. 
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3 Materials 
Many different materials have been used for the work presented in this 
thesis. I want to give the reader some information of the material used. In all 
experiment water has been used as the solvent normally with addition of 
some salt. I do not want to go deep into the properties of water and solutes 
in this description but I want to mention that clean water and clean glass 
ware are crucial when one is interested in surface phenomena. 

3.1 Surfaces 

3.1.1 Mica 
Naturally occurring muscovite mica is easily cleaved into atomically 
smooth, macroscopic areas and has hence become an important substrate in 
many fundamental studies of surface interactions, as in experiments with the 
surface force apparatus (SFA). In addition, it is widely used as a model 
substrate for the adsorption of macromolecules, e.g. for atomic force 
microscopy studies. 
Mica is a layered dioctahedral aluminosilicate, and, after cleavage, the (001) 
basal plane is composed of SiO4 tetrahedra arranged in ditrigonal rings. The 
potassium ions neutralizing the excess lattice charge arising from the 
substitution of aluminum for silicon in the mica lattice are situated between 
a pair of these trigonal rings. After cleavage, one-half of these become 
randomly associated with each of the two opposing surfaces. In aqueous 
solution, these ions can be dissolved and exchanged for other cations. There 
are 2.1×1018 m-2 negative sites on the mica surface, but most of these are 
neutralized by adsorbed cations. The mica surface acquires a high negative 
surface charge when in contact with water. The apparent surface potential 
for mica in pure water obtained from fitting DLVO-theory to measured 
forces is found to be -130 to -150 mV.78 It decreases slightly as the 
electrolyte concentration increases, being between -80 and -100 mV in 1 
mM 1:1 electrolyte.78 

3.1.2 Silica 
Silica colloids (particles) or silica glass is an amorphous material (except 
crystalline quartz), that often have been used as “model” system when 
surface chemistry phenomena in a wide variety of areas have been studied. 
It has been suggested in the literature that a gel-like layer forms when silica 
is placed in contact with aqueous solutions, composed of polyelectrolyte-
like “hairs” protruding out into the solution.79, 80 This will affect the 
interaction at short separation (<4 nm) between such layers, and at small 
separation an addition non-DLVO repulsion is most often observed.79, 80 
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Silica is negatively charged due to dissociation of surface silanol groups. 
The surface charge of silica varies with pH, electrolyte concentration and 
cleaning process.79-82 

3.1.3 Thiolated gold 
Long-chain alkanethiols adsorb spontaneously from solution onto clean gold 
surfaces and form densely packed monolayer films with high order.83, 84  
This allows us to prepare oriented organic monolayer films containing many 
functional groups of chemical and biological interest and to exercise a high 
degree of control over the structure of these films. In particular, by using 
adsorbates having the structure HS(CH2)-X, one can prepare monolayers 
presenting an ordered array of the group X at the monolayer-air/or liquid 
interface. If the polymethylene chain of HS(CH2)-X is at least ten carbon 
atoms long, the surface properties depend primarily on the tail group X, are 
independent of the chain length, and are influenced only indirectly by the 
sulphur-gold interface.85 
This thiol modification technique was used on gold coated QCM-D crystals 
in Paper IV, V and VI, and also on freshly made gold particles in Paper VI. 
The gold particles were produced from gold wires by using an electronic 
discharge86 under a flow of filtered nitrogen gas. 

3.2 Surfactants 
A surfactant is an amphiphile compound (normally organic) having 
separated hydrophilic and hydrophobic parts. Therefore they are soluble to 
some degree in both organic media and water. At a certain concentration the 
surfactant will form thermodynamically stable aggregates, i.e. micelles, and 
this concentration is often referred to as cmc (critical micelle concentration). 
The driving force for micelle formation is the hydrophobic interaction that 
results from the stronger affinity between water molecules compared to 
between water and hydrocarbon. 

3.2.1 SDS 
Sodium dodecyl sulphate (SDS), C12H25SO4Na, is an anionic surfactant that 
is used in household products such as toothpastes, shampoos, shaving foams 
and bubble baths for its thickening effect and its ability to create a foam. 
The molecule has a tail of 12 carbon atoms, attached to a sulphate group, 
giving the molecule the amphiphilic properties required of a surfactant.12 
Since SDS is an ionic surfactant, the cmc will depend on the electrolyte 
concentration,87, 88 i.e. cmc will decrease with increasing salt concentration 
(see Table 3.1). This is due to screening of the electrostatic repulsion 
between the head groups. 
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Table 3.1: CMC for SDS at different NaCl concentrations 

NaCl 
(mM) 

CMC for SDSa 
(mM) 

1 8.2 
30 3.3 

100 1.5 
a Values taken from ref 89. 

3.2.2 DTAB 
Dodecyltrimethylammonium bromide (DTAB) is a cationic surfactant, 
belonging to the same family as the more known CTAB (cetyltrimethyl-
ammonium bromide). This type of cationic surfactant finds wide 
applications as disinfectants or antiseptic agents. They are also used as 
antistatic agents (hair conditioners), textile softeners, corrosion inhibitors, 
foam depressants, biocides, emulsifiers and in deinking applications. 
Similar as for SDS, the cmc for DTAB is varying with salt concentration, 
e.g. in pure water cmc for DTAB is 14.4 mM, in 10 mM KCl cmc is 
10.8 mM, and in 100 mM KCl cmc is 4 mM.90, 91  

3.3 Proteins and polyelectrolytes 

3.3.1 Bovine serum albumin, BSA 
BSA is a globular serum albumin protein that can be used as a diluent or a 
blocking agent in numerous applications. It is also used as a nutrient in cell 
and microbial culture. In restriction digests, BSA is used to stabilize some 
enzymes during digestion of DNA and to prevent adhesion of the enzyme to 
reaction tubes and other vessels. BSA is used because of its lack of effect in 
many biochemical reactions, and due to its low cost since it is readily 
available in large quantities from bovine blood. 
Albumin is essential for maintaining the osmotic pressure needed for proper 
distribution of body fluids between intravascular compartments and body 
tissues. It also acts as a plasma carrier by non-specifically binding several 
hydrophobic steroid hormones, and as a transport protein for hemin and 
fatty acids.  
BSA has a molar weight of 66 kDa and the dimension 5.5×5.5×9.0 nm as 
determine with x-ray diffraction.92  

3.3.2 Cytochrome c, CytC 
Cytochrome c, or CytC is a small globular heme protein found loosely 
associated with the inner membrane of the mitochondrion. It is a soluble 
protein, unlike other cytochromes, and is an essential component of the 
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electron transfer chain.93 It is capable of undergoing oxidation and 
reduction, but does not bind oxygen. It transfers electrons between 
Complexes III and IV.94 
The molar weight of CytC is 12.4 kDa and it consists of 104 amino acids in 
one continuous polypeptide chain. The dimension determined with x-ray 
diffraction is 3.0×3.4×3.4 nm.93 

3.3.3 Myoglobin, Mb 
Myoglobin is a single-chain globular protein of 153 amino acids (17.0 kDa), 
containing a heme (iron-containing porphyrin) prosthetic group in the centre 
around which the remaining apoprotein folds. It is the primary oxygen-
carrying pigment of muscle tissues. Unlike the blood-borne hemoglobin, to 
which it is structurally related, this protein does not exhibit cooperative 
binding of oxygen, since positive cooperativity is a property reserved for 
multimeric proteins. The dimension is 3.3×3.6×6.8 nm.95 

3.3.4 Mucin 
Mucins are a family of large, heavily glycosylated proteins. Although some 
mucins are membrane-bound due to the presence of a hydrophobic 
membrane-spanning domain that favours retention in the plasma membrane, 
the focus in my work is on those mucins that are secreted on mucosal 
surfaces and in saliva.  
A schematic structure of mucin is presented in Figure 3.1, two distinctly 
different regions are found in mucin molecules: 

• The amino- and carboxy-terminal regions that are very lightly 
glycosylated, but rich in cysteines, which are involved in 
establishing disulfide linkages within and among mucin sub chains. 

• Large glycosylated regions in which up to half of the amino acids 
are serine or threonine. These areas are saturated with hundreds of 
O-linked oligosaccharides side chains (typical sugars present in 
mucin are N-acetyl-glucosamine, N-acetyl-galactosamine, galactos, 
fructose and sialic acid).96 The carbohydrates typically make up 70 
– 80% of the mucin mass.96, 97 N-linked oligosaccharides are also 
found on mucins, but much less abundantly. 

Mucins have an anionic polyelectrolyte character due to the presence of 
sialic acid groups, reported to have a pKa-value98 of 2.6, and a small 
fraction of sulphate groups (pKa < 1). 
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Figure 3.1: Ttypical structure of a mucin molecule consisting of several 
subunits connected by disulfide bridges. Note the presence of dense regions 
of oligosaccharide side chains (of varying lengths) separated by naked 
regions exposing the protein backbone. 

3.3.5 Chitosan 
Chitosan is produced commercially by deacetylation of chitin, which is the 
structural element in the exoskeleton of crustaceans (crabs, shrimp, etc.). 
The degree of deacetylation can be determined by NMR spectroscopy, and 
the deacetylation in commercial chitosans is typically in the range 60-100%. 
Chitosan is a linear polysaccharide composed of randomly distributed β-(1-
4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine 
(acetylated unit). The sugar units are linked together with β-(1-4) bonds (as 
in cellulose), giving the backbone a relatively stiff nature. The persistence 
length has been determined to be 6.2 nm in 30 mM NaCl.99 Chitosan has a 
number of commercial and possible biomedical uses. 
The amino group in chitosan has a pKa value of ~6.5. Thus, chitosan is 
positively charged and soluble in acidic to neutral solution with a charge 
density that depends on pH and the degree of deacetylation. Chitosan is 
bioadhesive and readily binds to negatively charged surfaces such as 
mucosal membranes. Chitosan enhances the transport of polar drugs across 
epithelial surfaces, and is biocompatible and biodegradable. 

3.3.6 PEO45MEMA:METAC polymers 
A series of bottle-brush polymers of varying charge densities was used in 
Paper II. The polymers were synthesized by free-radical co-polymerization 
of poly(ethylene oxide)-methyl ether methacrylate (PEO45MEMA) and 
methacryloxyethyl trimethylammonium chloride (METAC) monomers in 
polymerization tubes under nitrogen atmosphere using AIBN as the thermal 
initiator.100 Figure 3.2 displays the structures of the two types of segment 
present in the polymer. Table 3.2 is a list of all the different co-polymers 
used. The side chains of these co-polymers are well defined, whereas the 
backbones are polydisperse, which is typical for polymers prepared by free-
radical polymerization. For each of these polymers the adsorbed amount is 
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known both on silica and mica101, 102 and from these data the PEO45 chain 
density is known on each surface, see Figure 5.3. 
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Figure 3.2: Molecular structures of PEO45MEMA (left) and METAC (right) 
segments in the investigated bottle-brush polyelectrolytes, PEO45-
MEMA:METAC-X, where X denotes the amount of the charged METAC 
component (mol %) in the copolymer. 

 
 

Table 3.2: List of the PEO45MEMA:METAC-X polyelectrolytes used. 

Polyelectrolyte PEO45MEMA 
(mol%) 

METAC 
(mol%) 

Mw 
(kg mol-1)a 

PEO45MEMA:METAC-2 98 2 490 
PEO45MEMA:METAC-10 90 10 760 
PEO45MEMA:METAC-25 75 25 660 
PEO45MEMA:METAC-50 50 50 680 
PEO45MEMA:METAC-75 25 75 520 
PEO45MEMA:METAC-90 10 90 235 
Poly(METAC) 0 100 145 

a The weight average molecular weight of the investigated polymers as 
obtained by static light scattering.101 
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4 Summary of papers 
The first three papers deal with AFM friction measurements. The results 
shed some light on lubrication properties of polyelectrolytes, polymer 
brushes and large glycoproteins. The last three papers have utilized QCM-D 
to following adsorption and / or following changes in adsorbed layer 
conformation. Viscosity and density effects of the bulk solution have been 
extensively discussed. The results of these reports are useful for the correct 
interpretation of QCM-D data, and they provide new understanding of the 
effect of ions on mucin layers. 

4.1 Lubrication measured with AFM 
Paper I. In Paper I different methods for calibrating normal and torsional 
spring constants are compared. The issue of calibrating the torsional 
detector sensitivity when using some of the torsional methods is addressed. 
The torsional detector sensitivity is calibrated in air and in liquid, and a ratio 
to calculate the torsional detector sensitivity factor in a liquid from the air 
calibration value is derived based on refractive index and optical path length 
analysis. A new approach to calculate the torsional detector sensitivity by 
combining the Sader method with the Pivot method is proposed and 
evaluated. In Paper I it is concluded that the most convenient and fast 
method for spring constant calibration is to use the normal respectively 
torsional Sader methods, in combination with lateral detector calibration if 
friction forces are of interest. This knowledge has been utilized for the 
friction measurements reported in Paper II and Paper III, and for normal 
force measurements in Paper II, Paper III and Paper VI.  
Paper II. The effect of side chain to charge ratio on the friction properties 
of adsorbed layers formed by bottle-brush polyelectrolytes with 
poly(ethylene oxide) side chains has been investigated in Paper II. The 
brush polyelectrolytes were preadsorbed from 0.1 mM NaNO3 solutions 
onto a mica surface and a silica colloidal probe. Interfacial friction was 
measured in polyelectrolyte-free solutions with AFM. It was concluded that 
the decisive factor for achieving favourable lubrication properties is the 
concentration of non-adsorbing poly(ethylene oxide) side chains in the 
interfacial region. However, contrary to what may be expected, the results 
showed that an ideal brush layer structure with the adsorbed polymers 
adopting comb-like conformation is not necessary for achieving a low 
coefficient of friction in the asymmetric mica-silica system. In fact, the 
lowest coefficient of friction, μ, (<0.01) under applied pressures as high as 
30 MPa was observed for a system that is incapable of forming brush-like 
layers. 
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Paper III. Friction properties of adsorbed layers of mucin and chitosan 
covered mucin have been investigated with the AFM colloidal probe 
technique as reported in Paper III. Further, the effects of SDS on mucin-
chitosan respectively mucin-chitosan-mucin layers haves been studied. 
Mucin layers were adsorbed on the mica and the silica probe from 30 mM 
NaCl solution containing 25 ppm bovine submaxillary gland mucin. 
Chitosan were adsorbed onto the mucin from mucin free 30 mM NaCl 
solution containing 20 ppm chitosan. Friction was measured in polymer free 
30 mM NaCl for all layers and in 30 mM NaCl containing 1 cmc SDS for 
mucin-chitosan and mucin-chitosan-mucin layers. It will be shown that the 
favourably low friction obtained for mucin is not obtained for the mucin-
chitosan-mucin layer. The layers that showed low friction in this study 
displayed no attractive forces on separation. We suggest that the main 
energy dissipative mechanism for the cases with higher friction force is due 
to formation and breakage of attractive contacts between the cationic (from 
chitosan) and anionic (from mucin and SDS) residues. 

4.2 Adsorption and layer properties measured 
with QCM-D 

Paper IV. Adsorption of three different globular proteins BSA, CytC and 
Mb onto self assembly monolayers of mercapto unodecanoic acid (MUA) 
modified gold surface (Au) and MUA modified gold nanoparticles 
(MUA/AuNP) have been studied with QCM-D respectively with pH 
titration monitored with ζ-potential measurements. It was concluded that all 
three proteins formed adsorption layers consisting of an irreversibly 
adsorbed fraction and a reversibly adsorbed fraction. It was also concluded 
that BSA is the only of the three proteins studied that was able to sterically 
stabilize the MUA/AuNP at the isoelectric point. MUA/AuNP coated with 
the other two proteins were reversibly flocculated at the isoelectric point of 
the protein MUA/AuNP complexes, whereas the pure MUA/AuNPs were 
irreversibly flocculated at the isoelectric point. The differences in colloidal 
stability of the protein MUA/AuNP complex may be correlated with weaker 
binding in the reversibly bound overlayer in the case of Mb and CytC as 
compared to BSA. The QCM-D data indicate that the irreversibly adsorbed 
fraction of Mb is present in form of a bilayer, whereas the irreversibly 
adsorbed fraction of CytC is a monolayer structure. BSA showed the highest 
affinity for the MUA/Au surface, forming an irreversibly adsorbed rigid 
monolayer with a side-down orientation and packing close to that expected 
by the jamming limit. In addition, BSA showed a large change in the 
adsorbed mass due to reversibly bound protein. Part of the QCM-D response 
measured at higher bulk protein concentration (>25μM for BSA) was 
observed to be due to bulk viscosity and density changes. 
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Paper V. Paper V describe the effects of different electrolytes and 
electrolyte concentrations on a mucin layer preadsorbed from 30 mM 
NaNO3 onto a hydrophobic thiol-modified Au surface. To this end we 
investigated three electrolytes with increasing cation valency, NaCl, CaCl2 
and LaCl3. At low NaCl concentrations the preadsorbed layer expands 
whereas at higher concentrations of NaCl the layer becomes more compact. 
This swelling/compacting of the mucin layer was fully reversible for NaCl. 
When the mucin layer instead was exposed to CaCl2 or LaCl3 a compaction 
was observed already at a concentration of 1 mM. For CaCl2 this process is 
only partly reversible, and for LaCl3 the changes are irreversible. We note 
that a correct interpretation of the QCM data required that changes in bulk 
density and viscosity was taken into account. Further, mucin interactions 
with the cationic surfactant DTAB in aqueous solution of the different 
electrolytes were evaluated with turbidimetry, demonstrating that the 
electrolytes used in this work counteracts the association between mucin 
and DTAB, and that the effect increases with increasing cation valency. The 
study was furthermore partly aimed to understand the adsorption of mucin 
on thiolized gold surfaces with different surface chemistry, for this purpose 
surfaces exposing COOH, OH and CH3 groups were prepared. Mucin 
adsorbed to all these functionalized gold surfaces, with high affinity to the 
hydrophobic surface, and to the charged hydrophilic surface (COOH) 
despite that in the latter case both mucin and the surface is negatively 
charged. On the other hand, on the uncharged hydrophilic surface exposing 
OH groups the adsorption of mucin is low. 
Paper VI. Paper VI reports results from AFM colloidal probe 
measurements of the forces acting between preadsorbed mucin layers on 
uncharged, hydrophobic mercaptohexadecane coated gold surfaces. The 
effects of salt concentration and cation valency, as in Paper V, on these 
interactions were explored using NaCl, CaCl2 and LaCl3 in the 
concentration range 1-100 mM. It was shown that for NaCl, the tail length 
decreases as the salt concentration is increased, as can be rationalized by 
considering the polyelectrolyte nature of mucin and the screening of 
intralayer electrostatic interactions between charged groups, mainly anionic 
sialic acid. When multivalent cations are present in solution a significant 
compaction of the mucin layer occurs already at low concentrations (1 mM), 
suggesting binding of these ions to the anionic sites of mucin. The results 
are discussed in relation to previous data from quartz crystal microbalance 
measurements on the same systems reported in Paper V. 
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5 Results and discussion 
This section is intended to give a survey of the results and discussion treated 
in more detail within the articles appending to the thesis summary, and to 
especially address some of the results which in my view are the most 
interesting. Each section is started by a brief summary of the main 
conclusions reported in the related papers covered by the respectively 
section. This is followed by a combined result and discussion part that leads 
to the main conclusions.  

5.1 AFM friction calibration 
In Paper I it is concluded that the most convenient and fastest method for 
spring constant calibration is to use the normal respectively torsional Sader 
technique. If friction is of interest the lateral photo detector sensitivity also 
has to be calibrated. These conclusions are based on the comparison of 
different methods for calibrating the spring constants. 
The results from the normal spring constant calibration, comparing the 
Cleveland method with the Sader method, showed that they have a 
reasonable agreement, with a linear relation between spring constant and 
resonant frequency. However, there is an offset between the two different 
methods, see Figure 1 in Paper I, where the Cleveland method generates 
slightly higher values. The source of the offset may depend on many factors, 
and are difficult to exactly determine. Thus, we cannot conclude which of 
these two methods that will return the most correct value of the spring 
constant. Although, since the Sader method is the most convenient to use we 
adopted this method for our future normal spring constant calibrations. 
The torsional spring constant comparison includes four different techniques, 
two dynamic, Sader and Cleveland, respectively two direct static, Pivot and 
Lever, see section 2.1.5.2 for a description of the different methods. The 
result from this comparison, Figure 3 in Paper I, are that these techniques 
return torsional spring constants in the same range, and the scatter within a 
given data set is of the same order between the methodologies. This is, in 
fact, a confirmation that all the techniques examined have approximately the 
same merit in terms of accuracy and that none (or all!) of them suffer from 
any systematic error. The fact that the dynamic methods agree well with the 
direct methods is highly reassuring and this was the first time that these 
methods have been directly compared. The Sader method is the least prone 
to scatter within the data set. Since it is also the simplest, it seems 
reasonable to suggest that this should be the preferred method henceforth. 
We highlighted the importance of performing calibration of the torsional 
detector sensitivity, δ, by modifying a present method where the whole 
AFM head (that includes the cantilever holder, laser, and detector) is tilted, 
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see section 2.1.5.3 and Paper I for a description of this method. Figure 5.1 
presents some of the data measured with this method. However, since this 
approach is not possible for all types of AFM we also presented an 
alternative route to obtain the torsional detector sensitivity, by combining a 
static method (Pivot data was used in Paper I) with the Sader method. In a 
similar way as for the normal detector sensitivity,103, 104 it is possible to back 
out the torsional detector sensitivity. This reverse calculation generated data 
with some scatter, but the average over ten measurements returns the value 
δair=(3.58±0.3)×103 V/rad which is very close to the average value obtained 
by the tilting method, δair=(3.56±0.04)×103 V/rad. 
Figure 5.1 demonstrates how the torsional detector sensitivity varies when 
measured in air respectively in a liquid cell filled with water. This shows 
that it is important to take into consideration the media used when 
measuring friction forces, especially when measuring in a liquid. We 
addressed this issue by analyzing the change in length of the optical laser 
path due to different refractive indices and suggested an algorithm to 
calculate a ratio between the detector sensitivities as presented in the 
supplemental material. Interestingly, we came to similar conclusions as 
Tocha et al.105 (published online a couple of month after we submitted our 
paper).  
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Figure 5.1: Detector calibration; torsional detector response as a function 
of tilt angle for 0 V in normal deflection in air and in a liquid cell 
measurement. (The lines are linear best fits to the measured data which 
return δair=3.52×103 V/ rad and δwater=4.67×103 V/ rad.) The insert shows 
the detector response in air when the laser spot is positioned at different 
locations at the detector; in the case of no tilt the laser spot was varied from 
6 to −6 V in the torsional plan, keeping the normal deflection at 0 V. 
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It is also important to know the detector response function, and a linear 
response is preferable. The data in Figure 5.1 clearly shows that we have a 
linear response within the detector. In contrast to our findings of a linear 
response, Cannara et al.61 reported a highly non-linear torsional 
photodetector response. The reasons for their non-linearity can be numerous 
but I want to highlight three of them: First, the detector response in their 
case may really be non-linear. Second, they may possibly have made an 
error during their evaluation of the data. Third, the method they have used 
for measuring the detector sensitivity imposes the non-linearity to the 
torsional detector sensitivity. Actually in the paper from Cannara et al. the 
calculation algorithm is not well described, but my own calculations using 
their published data indicate that they can have made a mistake in the 
calculation algorithm employed. On the other hand, the method employed to 
determine the detector sensitivity was to press the cantilever with a probe 
against a hard vertical wall by scanning the sample laterally, generating a 
“torsional force curve”. This is an elegant idea that have been employed in 
different works.61, 62 However, in neither of these studies the normal motion 
of the cantilever during the measurement is reported. In order to get an 
accurate sensitivity value the probe should not be allowed to slide in the 
normal plane. If it does, this will likely result in an incorrect sensitivity 
value. 
Finally, some word about the time saving obtained by using the Sader 
calibration techniques compared to other methods. For example the 
Cleveland techniques are time consuming and requires technical skills to 
mount particles on cantilevers and replace the particles with new ones. An 
estimate on the time consumption by using the Cleveland method is that one 
can calibrate 5 to 10 cantilevers in 8 hours. This can be compared with the 
suggested Sader methods where the procedure is trivial and one can 
calibrate 10 cantilevers in only 1.5 hours. The torsional Lever and Pivot 
techniques are comparably with the Cleveland method with respect to time 
consumption. 

5.2 Friction and lubrication between poly-
electrolye layers 

In Paper II it is concluded that low friction forces can be achieved by using 
adsorbed bottle-brush polyelectrolytes with PEO45 side chains. The 
lubrication properties between such layers on a mica surface and a silica 
probe are dependent on the total concentration of PEO45 side chains on the 
surfaces, and also whether mica or silica has the highest coverage of PEO45. 
The lowest friction was obtained with PEO45MEMA:METAC-10, that 
adsorbs to a higher extent on silica compared to on mica.  
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For the mucin / chitosan friction study in Paper III the main conclusions are 
that, the high density of glycosylated and anionic side chains makes the 
interpenetration between mucin layers unfavourable both due to steric and 
electrostatic reasons, and this provide good lubrication between mucin 
layers. Adsorption of chitosan on the mucin layers leads to compaction of 
the adsorbed layers, which in combination with attractive mucin-chitosan 
interactions result in high friction. Adsorption of additional mucin to the 
mucin-chitosan layers does not change the friction since the complex 
mucin-chitosan and mucin-chitosan-mucin layers do not posses a strictly 
layered structure. They are rather considerably entangled, thus enabling 
attractive interactions between oppositely charged sialic acid residues from 
mucin and amino groups from chitosan residing on opposing surfaces. SDS 
binds to a great extent to mucin-chitosan and mucin-chitosan-mucin layers. 
The friction behaviour in presence of SDS is rather complex since both the 
layer structure and composition can be altered by the combined action of 
load and shear. 
In Figure 5.2 and Table 5.1, the friction measurements from Paper II and III 
are summarized. Figure 5.2 displays the effective coefficient of friction, μeff, 
measured between adsorbed layers PEO45MEMA:META-X polyelectrolytes 
in part (a) at the applied load of 2 mN/m, whereas in part (b) data over the 
whole measurement range are shown. Table 5.1 presents μeff  of mucin and 
chitosan layers (both single component and two component layers, for the 
two component layer also in presence of SDS and after exposure to SDS 
solution) at the applied load of 4 mN/m together with friction forces 
measured during unloading at zero applied loads. 

5.2.1 PEO45MEMA:METAC-X 
When discussing the friction properties of the PEO45MEMA:METAC-X 
polymers it is valuably to account for the amount of PEG45 segments 
between the mica and silica surface during the friction measurement. This 
information is given in Figure 5.3, and is the sum of the number of PEO45 
segments adsorbed on the respective surface. 
The importance of the PEO45 side chains for the friction properties becomes 
evident when μeff between layers of PEO45MEMA:METAC-2 and layers of 
poly(METAC) are compared to μeff  for the bare mica-silica system in 
Figure 5.2. The friction force increases with an order of magnitude when 
poly(METAC) is adsorbed; this is due to electrostatic bridging, which 
brings an additional energy dissipative process to the system as polymer-
surface anchoring points are broken and reformed during shear. When only 
one of the interacting surfaces is coated with PEO45MEMA:METAC-2, (this 
polymer does not adsorb on mica, see Figure 5.3), this is enough to decrease 
the friction compared to the bare mica-silica case.  
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Figure 5.2: (a) Effective coefficient of friction, μeff, (filled squares) of the 
investigated PEO45MEMA:METAC-X systems measured at FLoad/R ≈ 2 mN/m 
(or at the vicinity of the highest applied load on the system). The unfilled 
symbol denotes μeff of bare mica-silica. (b) μeff as a function of applied load 
FLoad: (crosses) bare mica-silica, (filled squares) PEO45MEMA:METAC-2, 
(filled circles) PEO45MEMA:METAC-10, (filled triangles) PEO45MEMA: 
METAC-25, (stars) PEO45MEMA:METAC-50, (unfilled squares) PEO45-
MEMA:METAC-75, (unfilled circles) PEO45MEMA:METAC-90, (unfilled 
triangles) poly(METAC) 

Additionally, a closer inspection of the results (Figure 5.2 and Figure 5.3) 
reveals that the lubrication properties depend to a significant degree on 
which of the surfaces that has the highest concentration of adsorbed side 
chains. This conclusion is reached from the fact that while the total number  
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Figure 5.3: Number of PEO45 segment per nm2 on silica (squares) and mica 
(triangles), the dashed line shows the total concentration of PEO45 chains 
adsorbed on the silica probe and the mica surface. 

of PEO45 segments in the interfacial region is approximately the same for 
brush polyelectrolytes with X=10 to 50 (see Figure 5.3), PEO45MEMA:- 
METAC-10 which adsorbs the most on silica exhibits better lubrication 
properties than PEO45MEMA:METAC-50 (which adsorbed the highest on 
mica). This is consistent with the finding that poly(ethylene oxide) has a 
significantly larger affinity for silica than for mica. Thus, the silica surface 
must be fully covered in order to obtain the lowest possible friction against 
another surface exposing poly(ethylene oxide) chains. 
The generally low friction forces observed in this study (for X<90) suggests 
that the adsorbed layers in our study from a friction point of view behave as 
brush layers, even though they, strictly speaking, are not.101 The reason for 
this is suggested to be the high side-chain density on the 
(PEO45MEMA:METAC-X) polyelectrolytes that locally provides a high 
density of PEO45 side chains, which counteracts chain interpenetration. 

5.2.2 Mucin and chitosan 
In Paper III we suggested that mucin, also from a friction point of view, 
behaves as a brush layer due to the high density of glycosylated and anionic 
side chains that makes the interpenetration between mucin layers 
unfavourable both due to steric and electrostatic reasons. The effective 
coefficient of friction measured between mucin layers 0.03±0.02 (see Table 
5.1) is of the same magnitude as for PEO45MEMA:METAC-X when X = 25 
to 75.  
Between adsorbed layers of chitosan μeff is 0.13±0.02. Kampf et al.26 have 
reported an even lower friction coefficient (0.07) between chitosan layers 
adsorbed on mica. We assign the higher value found in Paper III to the 
attractive interaction that is present in our case, see Figure 3 in Paper III, but 
not observed in the study of Kampf et al. This difference is suggested to 
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arise from the lower amount of chitosan adsorbed on silica (the probe) than 
on mica, which facilitates bridging. 
When chitosan is adsorbed on the mucin layer, the friction force is 
dramatically increased compared to those encountered between the pure 
mucin and chitosan layers, with μeff ≈0.4. Interestingly, adsorbing additional 
mucin on the mucin-chitosan layer does not reduce the friction force that 
remains characterized by μeff ≈0.4. Adsorbed layers including both mucin 
and chitosan contain a large number of both anionic and cationic groups. 
Thus, if the sequential adsorption does not result in a strict layering of the 
components, then formation and breakage of attractive interactions between 
sialic acid residues and amine groups can be expected to contribute to the 
friction. Clearly, these attractive electrostatic interactions between the 
oppositely charged segments contribute significantly to the friction force 
observed between these complex layers. 

Table 5.1: Effective coefficient of friction and friction force at zero applied 
load for different layers. 

Layers μeff Ff(0) (nN) 
 Loadinga Unloadinga Unloading 
Mucin 0.03±0.02 0.03±0.02 0.03±0.03 
Chitosan 0.13±0.02 0.13±0.02 0.17±0.02 
Mucin-chitosan 0.37±0.05 0.42±0.03 1.3±0.4 
Mucin-chitosan-mucin 0.42±0.03 0.43±0.04 0.3±0.2 
Mucin-chitosan in SDS 0.26±0.03 0.10±0.02 0.26±0.1 
Mucin-chitosan after SDS 0.56±0.05 0.61±0.05 5.9±0.5 
Mucin-chitosan-mucin in SDS 0.03±0.02 0.19±0.03 0.05±0.05 
Mucin-chitosan-mucin after SDS 0.22±0.02 0.23±0.02 0.45±0.1 
aAt F/R = 4 mN/m. 

5.2.3 Effect of SDS on layers containing mucin and 
chitosan 

Addition of SDS, that readily associates with both chitosan and mucin, 
brings additional complexity to the two component layers not only because 
another component is added but also because the surfactant may leave the 
layer during compression and shear. Figure 5.4 and Figure 5.5 report the 
friction forces obtained for the two component system in absence and 
presence of 1 cmc SDS in 30 mM NaCl, and after exposure to SDS 
followed by rinsing, measured in 30 mM NaCl. After rinsing there will be 
no SDS left in solution, but some SDS may well remain in the adsorbed 
layers. The difficulty of removing SDS from adsorbed layers of cationic 
polyelectrolytes has been noted in previous studies.106 
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Figure 5.4: a) Friction forces vs applied load. Filled symbols represent data 
obtained during loading and open symbols represent data recorded on 
unloading. (■ mucin-chitosan, ● mucin-chitosan in SDS, ▲ mucin-chitosan 
after SDS exposure followed by rinsing with 30 mM NaCl.) b) Force 
normalized by radius on approach between mucin-chitosan coated surfaces 
after exposure to SDS followed by rinsing, measured in 30 mM NaCl 
solution. (▲ before shearing, and × after shearing.) 

Exposure of the mucin-chitosan layer (Figure 5.4) to 1 cmc SDS in 30 mM 
NaCl, does not affect the friction on loading up to a load of 2 mN/m, after 
which the friction force becomes close to independent of load. This layer 
also displays a lower friction force during unloading than during loading, 
see Figure 5.4a and Table 5.1. This is different compared to all other layers 
studied in Paper III. These results clearly indicate a structural transition 
under shear and we offer the following hypothesis: SDS is prone to form 
bilayer aggregates on oppositely charged surfaces and on adsorbed chitosan 
layers.107 At low loads, some chitosan chains with associated SDS are 
extended into solution as evidenced by the presence of a steric repulsion 
(see Figure 6 in Paper III). Under compression a smoother layer is formed 
and the combined action of load and shear may result in a situation where 
sliding occurs between opposing layers exposing the sulphate groups of 
SDS towards each other. Such a layer structure would result in low friction 
forces since the load would be carried by electrostatic and hydration forces 
with no or very limited polymer interpenetration.  
Rinsing away SDS from the bulk solution with 30 mM NaCl results for the 
mucin-chitosan in a friction curve that increases strongly when the load 
exceeds about 0.5 mN/m. At higher loads the slope of the friction vs load 
curve is similar to that obtained for the mucin-chitosan layers prior to 
exposure to SDS. However, the magnitude of the friction force is higher. 
This indicates that some SDS remains in the layer after rinsing. The 
presence of SDS residues gives rise to attractive interactions both on 
approach and separation (Figure 5.4b). On loading a low friction force is 
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encountered as long as the load is carried by the steric repulsion (F/R < 0.5 
mN/m). However, as soon as the force barrier is overcome, and the surfaces 
come into intimate contact, a significant increase in friction force is 
observed. At high loads, (≥ 3 mN/m) when the attractive interactions 
between the layers are fully developed, an Amontons-like behaviour is 
recovered (Figure 5.4a, triangles). On unloading significantly higher friction 
forces are observed at low load, and a strong friction is also observed at zero 
loads. We assign this to attractive interactions between the hydrocarbon tails 
of SDS and attractive SDS-chitosan interactions. 
When the mucin-chitosan-mucin layers are exposed to 1 cmc SDS, the 
friction force on loading is very low (Figure 5.5a), comparable to that 
between mucin layers adsorbed on mica and silica surfaces (see Table 5.1). 
However, at the highest load used in this measurement the friction force is 
increased and on unloading the friction is significantly higher. The low 
friction force during loading originates from the large swelling induced by 
incorporation of the negatively charged surfactant in the layer (see Figure 
5.5b). A similar large swelling due to SDS incorporation has previously 
been noted for layers of a cationic polyelectrolyte where 10% of the 
segments carry a positive charge.108 In that work it was also noted that the 
surfactant aggregates suddenly were squeezed out when a critical load was 
reached, and that the surfactant aggregates did not reappear to any large 
extent in the layer until the load was significantly released again. No 
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Figure 5.5: a) Friction forces vs applied load. Filled symbols represent data 
obtained during loading and open symbols represent data recorded on 
unloading. (♦ mucin-chitosan-mucin, ● mucin-chitosan-mucin in SDS, ▲ 
mucin-chitosan-mucin after SDS exposure followed by rinsing with 30 mM 
NaCl.) b) Force normalized by radius between mucin-chitosan-mucin coated 
surfaces in solutions containing 1 cmc SDS and 30 mM NaCl. Forces 
measured on approach and separation before shearing are shown by filled 
and unfilled symbols, respectively. The forces measured on approach after 
shearing are shown by crosses. 
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indication of such an event is observed in the force data in Paper III, (see 
Figure 5.5b). However, the sudden increase in friction observed at high 
loads (F/R ≈ 4 mN/m, P ≈ 40 MPa), and the sustainability of high friction 
under decompression (Figure 5.5a) indicates that under the combined effect 
of load and shear a large fraction of the incorporated SDS leaves the surface 
region. When this happens, the friction force becomes similar to that 
observed after rinsing away the SDS. 
When the SDS is rinsed away with 30 mM NaCl the friction forces on 
loading and unloading are similar to the friction that was obtained for the 
unloading measurement when SDS was present (Figure 5.5a). It appears that 
the fraction of SDS that is removed by rinsing is similar to the fraction that 
is squeezed out from the layer under the combined action of load and shear. 
The lower friction observed between mucin-chitosan-mucin after exposure 
to SDS followed by rinsing compared to that of the original mucin-chitosan-
mucin layer suggests that the remaining SDS is associated with the positive 
charges of chitosan, and this reduces the number of possible mucin-chitosan 
bonds that are formed and broken during sliding. 

5.3 Globular protein adsorption studied with 
QCM-D 

By studying adsorption of BSA, CytC, and Mb on to mercaptoundecanoic 
acid modified gold surfaces (MUA/Au), we concluded that BSA adsorbs 
with higher affinity than CytC and Mb, and with a preferential side-down 
orientation in an amount corresponding to the jamming limit (Paper IV). 
CytC forms a closely packed monolayer due to significantly higher mobility 
on the surface, and Mb adsorbs in a bilayer (or at least significantly more 
than a monolayer) structure.  
Below I will present some of the results that finally resulted in the above 
conclusions. Two different types of adsorption measurement were 
preformed with QCM-D; adsorption concentration isotherms and single 
concentration additions at 100 μM protein. I will only focus on the 
concentration isotherm in the following discussion. Between the different 
concentrations in the adsorption isotherm the adsorption was interrupted by 
injection of water to rinse the measuring cell. In Figure 5.6 the adsorption 
isotherm for BSA is presented (the data for the other proteins are presented 
in Figure 2 and 3 in Paper IV). The filled symbols are measurements made 
in the protein solution before rinsing with water, whereas unfilled symbols 
are data from the water rinsing period. If we compare the filled and unfilled 
symbols for the concentrations above 0.8 μM one can clearly see that there 
are some loosely physisorbed fraction of BSA that is removed during the 
rinsing step leaving a small fraction of adsorbed BSA on the rinsed surface.  
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Figure 5.6: QCM-D data from the third overtone obtained by sequential 
addition of BSA. The solid squares represent the initial measurement when 
the protein solution was introduced, and the open squares represent the 
measurement following a rinsing step. Panel A shows the frequency shift for 
concentrations in the range from 100 nM to 1 μM. Panel B shows the 
frequency shift for concentrations in the range from 10 to 100 μM. The 
triangles show the frequency shift corrected for the density and viscosity of 
the protein solution. Panels C and D show the corresponding dissipation 
shifts (×106). 

Above 25 μM BSA it is also important to consider viscosity and density 
changes, compare filled triangles with filled squares in Figure 5.6. The 
corrected frequencies have reached a plateau value at 50 μM whereas the 
not corrected values are constantly decreasing. Unfortunately, we only 
measured viscosity and density for BSA solutions, leaving the similar 
interpretations for CytC and Mb difficult to prove. However, it is most 
likely that the viscosity and density for these proteins also start to affect the 
measurements at similar concentrations. The amount of loosely physisorbed 
protein is low for CytC and Mb at low concentration and the difference 
between the values before and after rinse are increasing above 25 μM, part 
of this effect is likely due to density and viscosity effects.  
The surface coverage (Γ) of the irreversibly adsorbed proteins is obtained 
by dividing the sensed mass after rinsing by the molecular mass and by the 
active area of the QCM crystal; these values are reported in Table 1 in Paper 
IV. I want to note that these values actually are slightly overestimated due to 
that the QCM mass includes coupled water. The known side-binding value 
for BSA109 is 2.0×1012 cm-2, which is lower than the end-on value. When 
comparing these values with our reported BSA value 0.85×1012 cm-2, it is 
logical to assume that BSA is adsorbed by a side-binding mechanism onto 
MUA/Au surfaces. The BSA adsorption is close to the jamming limit,110 i.e. 
the maximum adsorption achievable if the proteins stick to the surface at the 
point where they initially attach in random order (in this case approximately 
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50% of full coverage). Thus, we conclude that BSA adsorbs to MUA/Au 
without significant lateral mobility and with high affinity for the surface.  
Turning from BSA to CytC the calculated side-on (8.6×1012 cm-2) value and 
end-on (9.8×1012 cm-2) surface coverage for CytC are close to each other, 
whereas the measured surface coverage after rinsing for CytC is 11.75×1012 
cm-2. Hence, the value is close to the maximum monolayer coverage, the 
discrepancy is most likely due to sensed coupled water. This indicates that 
CytC adsorbs in a monolayer, and that CytC are allowed to move laterally 
on the surface to create a denser layer then predicted by the jamming limit. 
For Mb the calculated coverage after rinsing is larger than a monolayer. 
According to the adsorbed mass of 446 ng/cm2 the number of layers of Mb 
is predicted to be between 1.9 and 3.7 for the end-on and side-on binding 
models, respectively. 
Finally I will shortly mention the ζ-potential measurements that also were 
part of this work. The different proteins were adsorbed on MUA modified 
gold nanoparticles, MUA/AuNP, and then the ζ-potential was measured 
with protein in the solution during pH titration. One of the interesting results 
was that BSA could stabilize the MUA/AuNP even at the isoelectric point. 
This behaviour provide evidence for steric stabilization.111 Thus, BSA 
adsorption, including the reversibly adsorbed molecules results in a layer 
with sufficient coverage and thickness to counteract the van der Waals 
attraction between the nanoparticles. Interestingly, the larger adsorbed 
amounts of the other two proteins do not result in steric stabilization, but 
rather attractive forces result in reversible flocculation. A better 
understanding of this could be obtained by direct force measurements. 

5.4 Mucin interaction with metal ions 
In this section I will discuss the findings from Paper V and VI. The main 
conclusions from these two papers are the following. The effects of 1:1 
electrolyte (NaCl) on the preadsorbed mucin layer are fully reversibly. The 
layer contracts with increasing ionic strength, which is due to electrostatic 
screening of the repulsion between the charge groups in the mucin layer. 
Multivalent cations, such as Ca2+ and La3+, cause a significant contraction of 
the tails even in dilute solutions (1 mM). The effects of multivalent ion 
cannot be explained by only considering the variation of the electrostatic 
screening due to changes in the Debye-length, suggesting binding of these 
ions to the anionic sites of mucin. We also concluded that the low 
adsorption of mucin on the hydrophilic and uncharged surface is due to lack 
of electrostatic and hydrophobic interactions between mucin and this 
surface. 
Adsorption of mucin monitored with QCM-D on different alkylthiol 
modified gold surfaces (terminated with CH3, OH or COOH groups) from 
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30 mM NaNO3 is presented in Figure 1 and 2 in Paper V. Mucin adsorbs 
with highest sensed mass to the negatively charged hydrophilic surface with 
COOH-groups exposed. The adsorption to the uncharged hydrophilic 
surface exposing OH-groups is remarkably small considering that the 
sensed mass (1.05 mg/m2) includes both the mass of the mucin and that of 
water associated with the layer.  
The driving force for the mucin adsorption is different for the three different 
surfaces. The main driving force for the adsorption on the non-polar (CH3) 
surface is hydrophobic interaction, i.e. the removal of contacts between 
water and the hydrophobic surface as well as between water and non-polar 
parts of the mucin. Mucin also adsorbs strongly to the negatively charged 
polar surface and despite the fact that mucin and the surface are both 
negatively charged; we suggest that electrostatic forces are promoting 
adsorption of mucin to the negative charged polar (COOH) surface. The 
reason is that mucin also contains positive amino acid residues. Thus, it 
seems plausible to suggest that these play an important role in the 
adsorption process. On the uncharged polar (OH) surface the adsorption is 
low since neither hydrophobic nor electrostatic forces are important. We 
suggest that the limited adsorption observed at this surface is caused by 
changes in free energy due to changes in hydrogen bonding between 
mucin/water, surface/water, water/water, and mucin/surface, respectively. 
In the rest of this section, where I will discuss the effect of the change of 
electrolyte, mucin is initially adsorbed on to hydrophobic (CH3) surfaces 
from 30 mM NaNO3 solution as in the cases above. Three different 
electrolytes (NaCl, CaCl2, and LaCl3) were used at concentrations of 1, 10, 
50, and 100 mM, both in QCM-D and AFM colloidal probe measurements. 
QCM-D gives some information on what is happening with the mucin 
layers, and AFM force measurements provide additional information. By 
combining the information from QCM-D and AFM we are able to draw 
some conclusions that neither of these techniques would have provide alone.  
Figure 5.7 displays results from QCM-D measurement of the preadsorbed 
mucin layer when it was exposed to NaCl (no mucin is present in the bulk 
solution). In this figure one can see many interesting features. The need for 
viscosity and density correction which is visible as the deviation between 
the data points illustrated by crosses and squares; in particular at 100 mM 
NaCl. This effect is even more pronounced in Figure 6 and 7 in Paper V that 
illustrate the presence of viscosity and density effects, that need to be 
accounted for. There are also some deviations for the sensed mass 
(calculated via the Sauerbrey equation; filled squares) and the true sensed 
mass (open squares; obtained from Johannsmann’s model), especially when 
the dissipation is high as for 1 and 10 mM NaCl. Interestingly, at 1 mM 
NaCl the sensed mass is lower at the same time as the dissipation is higher 
than at higher NaCl concentrations. This is not logical for an irreversibly 
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adsorbed layer. (The irreversible adsorption was proven by the complete 
reversibility with respect to changes in NaCl concentration). To explain this 
we have to consider the force curves measured with the AFM for the same 
system, Figure 5.8. The force curves show a long range steric repulsion (700 
nm) in 1 mM NaCl, this can be compared with the decay length of the 
acoustic wave in the QCM, about 200 nm, see Section 2.2. This is 
considerably shorter than the range of the steric force observed with AFM, 
demonstrating that the tail region of the layer on each surface is at least  
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Figure 5.7: Sensed mass and dissipation change at different NaCl 
concentrations. “Total response” is the sensed mass obtained from Eq 2.14 
and the dissipation change is directly measured. “Layer response” is 
obtained using Eq 2.12 respectively 2.13, and here the effects due to changes 
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Figure 5.8: Force normalized by radius between mercaptohexadecane 
modified gold surfaces carrying a preadsorbed mucin layer as a function of 
separation. Data are shown for interactions across a range of NaCl 
solutions. 
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350 nm thick. Thus, the QCM-D is not able to sense the complete adsorbed 
layer in low ionic strength NaCl solutions, and thus the QCM-D data 
become unreliable.  
It seems clear that the high extension of the mucin layer in 1 mM NaCl is 
due to strong intralayer electrostatic repulsion between anionic groups, 
mainly sialic acid. By increasing the NaCl concentration to 10 mM a 
reduction in the range and strength of the interaction is achieved, signifying 
that the tails contracts. A further increase in NaCl concentration to 50 mM 
results in further tail contraction. In 100 mM NaCl, a slight reswelling 
appears to occur as evidenced by a slight increase in the repulsion observed 
below 10 nm. We conclude that the electrostatic repulsion between the 
anionic groups is determining the mucin layer extension in 1:1 electrolyte. 
In Figure 5 to 7 within Paper V it is shown that the changes induced by the 
different electrolytes are fully reversible for NaCl, and not fully reversible 
for CaCl2, respectively irreversible when LaCl3 have been used.  
In cases where both the adsorbed mass (Γ), e.g. obtained by reflectometry, 
and the true sensed mass (m0) obtained with QCM-D are known, then a 
QCM-thickness (dQCM) can be evaluated using Eq. 5.1.74  
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where ρeff is the effective density of the layer, ρm the density of mucin (a 
typical mucin value112 of 1.4 g/mL was used in the calculation), and ρs the 
density of the solvent (reported in Paper V). The equation above builds on a 
shear model that assumes that all material in the distance range 0 to dQCM 
oscillates with the crystal and thus contributes fully to the true sensed mass, 
whereas the material located further away from the surface does not 
oscillate with the crystal and does not contribute to the sensed mass. This is 
clearly a simplification, just as the optical models used for evaluating the 
ellipsometric thickness. It has been shown that the QCM thickness and the 
ellipsometric thickness are similar for relatively compact and homogeneous 
layers.113 We do not expect this to be the case for more diffuse polymer 
layers since the ellipsometric thickness is directly influenced by the segment 
density profile,114 whereas the QCM thickness is influenced by the amount 
of water that oscillates with the crystal and this quantity is at present an 
unknown function of the segment density profile. For the extended mucin 
layers investigated here we will use the QCM thickness (presented in Figure 
5.9) only as a qualitative indicator where a decrease in thickness means a 
reduction in water content of the adsorption layer, which in turn indicates a 
contraction of the layer. 
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Figure 5.9: The QCM thickness for different mucin-electrolyte 
combinations, (circles – NaCl, squares – CaCl2, and triangles – LaCl3), 
calculated by using an adsorbed amount of 1.8 mg/m2, taken from ref 115. 

The first feature to note is that the QCM thickness (Figure 5.9) is orders of 
magnitude lower than the range of the steric force detected with AFM (see 
Figure 5.8 and Figure 6 to 8 in Paper V). This is not unexpected. To 
measure a thickness of an adsorbed polymer layer that is diffuse is by 
necessity dependent on the measuring technique. Surface force 
measurements, and measurements of hydrodynamic thicknesses using e.g. 
dynamic light scattering, are very sensitive to the longest tails and thus 
provide a large value for the thickness. On the other hand, the models used 
to evaluate the QCM thickness, and also the ellipsometric thickness, are 
insensitive to a small fraction of long tails. Thus, the range of the measured 
forces provides information related to the length of the longest tails whereas 
the QCM thickness in our case provides complementary information related 
to the amount of water hydrodynamically coupled to the layer. 
The QCM thickness is consistently lower in CaCl2 solutions than in NaCl 
solutions. Thus, the presence of Ca2+ ions results in expulsion of water, most 
likely from the inner part of the adsorbed layer where trapped water is 
expected to be found, as well as in a reduction in the range of the steric 
force monitored by AFM (Figure 7, Paper V) that reflects the length of the 
tails. The QCM thickness in 1 mM LaCl3 is lower than found for any of the 
other salts, demonstrating the compacting effect of the trivalent cation. In 
contrast to what was found for the other electrolytes, the QCM thickness 
increases with LaCl3 concentration, indicating incorporation of water due to 
swelling of the inner part. We attribute this to recharging of the layer as also 
demonstrated for the tail region by the force measurements reported in 
Figure 7 in Paper V. 
The strong influence of multivalent cations on the structure of mucin layers 
show that the presence of these ions is likely to affect the lubricating and 
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hydrating properties of mucin coatings. This is a topic that deserves further 
attention. 
To this end I will present some of my unpublished data on this topic; the 
friction data presented in Figure 5.10 is measured on the same systems as 
used in Paper VI (hydrophobic thiolated gold). Hence, the surfaces are 
rougher compared to the surfaces used in Paper III where we have studied 
the friction between mucin layers adsorbed onto hydrophilic mica and silica. 
By comparing the friction force measured between mucin layers form 
Figure 10 in Paper III with Figure 5.10 (crosses) we can see that the friction 
is considerably higher for the latter case. It has previously been reported that 
the friction between surfaces of similar chemistry but with different surface 
roughness is very different, and follows a logarithmic increase of the 
coefficient of friction with increasing surface roughness.38, 116 Nevertheless, 
my purpose by showing Figure 5.10 is to illustrate the trends observed when 
changing electrolyte concentration and type. For 1 mM NaCl the friction 
force is extremely low up to an applied load of 5 mN/m. From the force 
curve in Figure 5.8 it can be seen that this is approximately where we go 
from a situation where the load is carried by the dilute tail region to a 
situation where the load is carried by compressed layers. The slope found at 
the upper part of the friction curve is similar to the slope of the other salt 
concentrations. The friction increases with NaCl concentration, and this is 
attributed to the contraction of the tail region. For LaCl3 we can see the 
compaction of the mucin layer as an increase of the friction for all 
concentrations used compared to the initial mucin layer in 30 mM NaNO3 
(crosses).  
To summarize, we have despite the surface roughness of the probe/sample 
observed really low friction, μeff=0.02, at loads up to 5 mN/m in 1 mM 
NaCl. This is possible since part of the applied load is carried by the strong 
steric repulsion between the two mucin layers that have very extended tail 
regions (C in Eq 1.7 is negative). It have recently been demonstrated that 
extremely low friction (μeff<0.0003) is obtained between surfaces separated 
by repulsive van der Waals forces.117 This indicates that by adsorbing mucin 
at a high ionic strength and then later use the layer for lubrication at lower 
ionic strength, the decreasing electrostatic screening will result in expanded 
layers with good lubricating properties. This effect can likely be used for 
other polyelectrolytes as well, as long as the surface attachment is 
irreversible. This interesting result generates some additional questions that 
I do not yet know the answer to. Does mucin has the same behaviour when 
it is adsorbed at hydrophilic and charged surfaces compared with 
hydrophobic surfaces? How rough can the surfaces be and still be 
effectively lubricated by the extended mucin layer? What other 
polyelectrolytes (type of structures) will show similar behaviour? 
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Figure 5.10: Friction force measured between mercaptohexadecane 
modified gold surfaces (a flat and a colloidal probe) carrying a preadsorbed 
mucin layer as a function of applied load. Data are shown for interactions 
across 30 mM NaNO3, and across a range of a) NaCl and b) LaCl3 
solutions. 
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6 Concluding remarks 
This thesis work has resulted in several conclusions, both concerning on the 
one hand technical aspects and experimental procedures, and on the other 
hand physical chemical aspects of the investigated systems. 

6.1 Technical and experimental conclusions 
For AFM friction calibrations any residual doubt as to whether the direct 
static methods for spring constant determination return the same value as 
the dynamic ones are now essentially laid to rest. This opens up the 
possibilities to use the quicker and far more trivial Sader technique for 
calibrating both the normal and torsional spring constants. By combining 
one direct static method with the torsional Sader method one can backwards 
calculate the torsional detector sensitivity; this is important since far from 
all AFM instruments allow the operator to use the method of tilting the 
detector system when calibrating torsional the detector sensitivity. 
When measuring force and friction with AFM on soft adsorbed layers it is 
best to use the normal deflection sensitivity (constant compliance) measured 
between the surfaces before adsorbing the layers.  
QCM can encounter difficulties to monitor changes in polyelectrolyte layers 
if the layers have tails that are protruding further from the surface than the 
decay length of the QCM acoustic wave. The combination of QCM-D and 
AFM colloidal probe measurements can allow understanding of some 
structural changes that neither of these two techniques is capable to confirm 
alone.  
Density and viscosity corrections are essential for correct interpretations of 
QCM data when studying the effect of changes in electrolyte type and 
concentration on preadsorbed layers of mucin, and also when having 
different concentrations of proteins in the measuring solution. 

6.2 Physical chemical conclusions 
The adsorbed amount of proteins appears to depend on the strength of the 
surface attachment, in such a manner that a too high affinity reduces the 
adsorbed amount. This can partly be due to surface denaturation, but also 
because that the proteins become immobilized on the spot of attachment. In 
such a case a monolayer cannot be more densely packed than allowed by the 
jamming limit. This was the case for BSA that adsorbs with high affinity 
(low mobility) on the MUA/Au surface with a preferential side-down 
orientation. CytC forms a closely packed monolayer due to higher mobility 
on the surface and Mb adsorbs in a bilayer (or at least greater than 
monolayer) structure. Of course, a very low affinity between the protein and 
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the surface also results in low adsorption. In my studies this situation was 
encountered when mucin was allowed to adsorb on OH-terminated thiol 
surfaces, where the lack of both electrostatic and hydrophobic driving forces 
for the adsorption resulted in the very low adsorption.  
When a preadsorbed mucin layer interacts with 1:1 electrolyte (NaCl) in the 
range of 1 to 100 mM the changes induced in the layer structure are fully 
reversibly. The layer expands with decreasing ionic strength, which is due 
to electrostatic repulsion between the charge groups in the mucin layer. 
Multivalent cations, such as Ca2+ and La3+, cause a significant contraction of 
the layer even in dilute solutions (1 mM). This cannot be explained by a 
variation of the electrostatic screening due to changes in the Debye-length, 
but suggests specific binding of these ions. 
In my thesis work I have encountered several cases where very low friction 
coefficients have been achieved. The common features of these systems are 
that no attractive forces are present, and that excluded volume and / or 
electrostatic forces counteract chain interpenetration under load. For 
instance, the friction between PEO45MEMA:METAC-X polymer layers on 
mica and silica was found to be small when the PEO45 side chain density 
was sufficient high.  
Another layer that display a low coefficient of friction is that formed by 
mucin. In this case the high density of glycosylated and anionic side chains 
on mucin makes the interpenetration between mucin layers unfavourable 
both due to steric and electrostatic reasons. Adsorption of chitosan on the 
mucin layers leads to compaction of the adsorbed layers and thus steeper 
and more short-range repulsive forces. This, in combination with attractive 
mucin-chitosan interactions, generates high friction between mucin-chitosan 
layers. Adsorption of additional mucin to the mucin-chitosan layers does not 
change the friction since the complex mucin-chitosan and mucin-chitosan-
mucin layers do not posses a strictly layered structure. Instead, they are 
considerably entangled thus enabling attractive interactions between 
oppositely charged sialic acid residues from mucin and amino groups from 
chitosan residing on opposing surfaces, which provides for high friction.  
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7 Future work 
During the work included in this thesis I have encountered some lack in 
instrumental methods and some appealing results. Some of these are 
interesting enough to point out within this chapter of the thesis as future 
work. 
From the instrumental point of view I want to highlight the need of two 
things. First, a procedure for measuring the torsional detector sensitivity in 
an easy way in analogy with the method for normal detector sensitivity103, 104 
where two different indirect spring constant calibration methods are 
combined to calculate the normal detector sensitivity. Second, there is a 
need for an extensive evaluation of the non-linearity in the cantilever / 
detector system when measuring normal forces with a cantilever that is 
deflected to large extent.  
Now over to some of my suggested measurements that will increase the 
knowledge of the lubrication behaviour of mucin, and mucin interaction 
with different electrolytes. Here I mean that a study of the friction and 
normal forces between mucin adsorbed on hydrophobic or hydrophilic 
surfaces, while keeping the surface roughness the same would be of interest. 
I expect that the nature of the surface will affect the mucin conformation, 
but how will this influence the lubrication? I would also like to see a 
systematic study of the effect of surface roughness to answer the question: 
How rough can the surfaces be and still be effectively lubricated by the 
extended mucin layer? 
Finally I would like to try to find a molecular design for a polymer / 
polyelectrolyte that will work as an excellent lubrication layer in, for 
example, artificial saliva, artificial tear fluid or as a coating in prosthetic 
joints. One may regard the results obtained for the PEO45MEMA:METAC-
X polymers as promising in this respect.  
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