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Abstract 

Surface chemistry plays an important role in numerous technological innovations, and gives 

the ability to modify and control surface and interface properties. Layer-by-Layer (LbL) self-

assembly is a simple concept that can provide a route to versatile combination of materials 

as well as fine control of film thickness, hydrophobicity, thermal, optical and electrical 

properties. This methodology has thus received attention from both academic and industrial 

experts. A large variety of polymers, proteins and nanoparticles can be utilized in the LbL 

process. In my PhD-thesis work I made use of the LbL technique to build surface grafted 

nanogels and bio-lubricant films. 

 

Various surface sensitive techniques have been applied in this PhD thesis work. The three 

main methods were quartz crystal microbalance with dissipation (QCM-D), total internal 

reflection Raman (TIR-Raman) spectroscopy, and atomic force microscopy (AFM). In lieu of 

conventional methods such as reflectometry or ellipsometry, we have combined data 

obtained from QCM-D and TIR-Raman to gain information on wet and dry LbL films as well 

as their water content. The relatively new AFM imaging mode known as PeakForce QNM 

was used to investigate topographical and nano-mechanical properties of LbL films. The 

colloidal probe technique was implemented with AFM for normal and lateral force 

measurements.  

 

It is becoming increasingly clear that biopolymers are important for a sustainable society 

since they are renewable, have useful properties and often are environmentally benign. One 

main part in this thesis work was to fabricate thin chitosan (CHI) nanogels covalently 

attached to solid surfaces. This was achieved by first assembling a chitosan/poly(acrylic acid) 

multilayer using silane chemistry and the LbL method. Next, the chitosan molecules were 

selectively cross-linked in the film, and finally poly(acrylic acid) was (partly) rinsed out of the 

nanogel. The final composition and the responsiveness of the nanogel to pH and ionic 
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strength changes were found to depend on the cross-linking density. Statistical analysis, 

known as target factor analysis, was used to analyze TIR Raman spectra and draw 

conclusions about e.g. the composition of multilayers during the build-up process, and the 

kinetics of cross-linking of chitosan.      

 

The other main part in this thesis work also utilized the LbL methodology, but here the main 

goal was to gain understanding on the unprecedented lubrication of synovial joints. It is in 

general terms due to a sophisticated hierarchical structure of cartilage combined with 

synergistic actions of surface-active components present in the synovial fluid, but many 

aspects of this fascinating biotribological system remain poorly understood. I focused on the 

lubricating ability of synovial fluid components, and in particular on the association of two 

components of the synovial fluid, hyaluronan and dipalmitoyl phosphatidyl choline (DPPC), in 

bulk solution and at interfaces. We found that hyaluronan associated with DPPC vesicles in 

bulk and adsorbed to supported DPPC bilayers, and that the LbL method could be utilized for 

forming composite layers of these two components. These composite layers had very 

favorable lubrication properties, with a low friction coefficient as low as 0.01, and they were 

also sufficiently stable to shear and load up to the pressure that broke healthy cartilage. 
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Summary of papers  

In paper I I describe the assembly of chitosan/poly(acrylic acid) multilayers using the 

LbL technique. This is the first step towards building a chitosan nanogel. Silane 

chemistry was used to graft the first layer of chitosan to the surface in order to 

prevent film detachment and decomposition during the following deposition steps. 

The polyelectrolyte multilayer growth was found to be non-linear, and different kinetic 

events were observed during chitosan and PAA deposition. Chemical information on 

composition, including water content, and ionization state of weak acidic and basic 

groups was obtained by TIR Raman spectroscopy using target factor analysis. The 

morphology and nano-mechanical properties of the multilayer were investigated, and 

it was found that the multilayer consisted of islands that grew in lateral and vertical 

direction during the build-up process. Both diffusion in and out of at least one 

polyelectrolyte and the island-like morphology contributed to this non-linear growth 

behavior.  

 

Surface grafted nanogels were produced by selectively crosslinking chitosan 

monomeric units, followed by the partial removal of PAA as described in paper II. 

Target factor analysis of TIR Raman spectra was utilized for determining the cross-

linking density. The PAA content of the nanogel was found to increase with 

increasing cross-linking density, which was controlled by the cross-linking time. 

Responsiveness to pH changes was larger for short time cross-linked nanogels. The 

pKa of chitosan and PAA in the nanogel was measured by TIR-Raman spectroscopy.  

 

The aim of paper III was to investigate normal and lateral forces between a surface 

coated with a chitosan-based nanogel and a silica surface. Effect of pH, ionic 
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strength and cross-linking time on the surface forces was of interest. Systematic 

studies were performed using a pH range from 4 to 8.6, and an ionic strength range 

from 0.1 to 10mM. Attractive double-layer forces between the weakly positively 

charged nanogel and the negatively charged silica surface dominated the long-range 

interaction. The friction forces encountered were generally large. We found that the 

friction coefficient was not significantly affected by the magnitude of the silica-

nanogel adhesion, suggesting that intralayer energy dissipative mechanisms make 

the predominating contribution to the friction force.  

 

The main focus of Paper IV and Paper V was on the lubricating ability of adsorbed 

layers of phospholipids and hyaluronan in aqueous media. It was demonstrated that 

DPPC vesicles and hyaluronan associate in bulk solution, and can be sequentially 

adsorbed on solid surfaces using the layer-by-layer approach. Our data also 

demonstrated that such self-assembly structures are able to provide low friction 

forces and high load bearing capacity, supporting the standpoint that self-assembly 

structures are key to the outstanding lubrication of synovial joints. We determined 

topography and nano-mechanical properties of surface layers by means of 

PeakForce QNM, and found that addition of hyaluronan to adsorbed DPPC bilayers 

results in both topographical and mechanical changes. 
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1 Introduction 

1.1 Aim and scope 

Solid/liquid interfacial phenomena play an important role in many technical 

applications and many aspects of daily life. Such phenomena are fundamental to a 

range of processes, e.g. dissolution, detergency, corrosion inhibition, adhesion, 

flotation, chromatography, and tribology. Many industrial processes rely heavily on 

such interfacial phenomena, with small changes in process conditions having the 

potential to dramatically affect the production. Thus, adsorption processes occurring 

at the solid/liquid interfaces are of great interest to scientists working in a diverse 

number of fields. 

 

The main goals of my PhD work were described as following. (I) I tried to gain further 

understanding of formation of polyelectrolyte multilayers. This is motivated since the 

details of the process are quite complex and should not be considered as just being 

adsorption of one layer on top of another layer. By combining QCM-D, TIR-Raman 

and AFM in situ, kinetic, chemical and structural information were obtained. (II) I 

would like to develop and understand the surface properties of surface grafted 

chitosan nanogels derived from polyelectrolyte multilayers. Thin nanogel layers can 

act as scaffolds allowing absorption into surface layers (surface encapsulation) rather 

than adsorption to surfaces, with the potential to increase both adsorbed amount and 

adsorption strength. I choose to work with chitosan as one main component since it is 

an environmentally friendly weak cationic polysaccharide, and intrinsically responsive 

to environmental changes such as pH and ionic strength, which suggests potential 

applications in drug encapsulation and controlled release. (III) I also wanted to gain 
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the understanding of how self-assembly structures contribute to the exceptional 

lubrication of synovial joints. Here I mainly focused on the association of two 

components in the synovial fluid, hyaluronan and dipalmitoyl phosphatidyl choline 

(DPPC) in bulk solution and at interfaces. 

1.2 Polyelectrolyte multilayers 

Polyelectrolyte multilayers made by layer-by-layer (LbL) assembly for producing 

novel surface coatings have received much interest since Decher introduced the 

method in the early 90s.[1] The sequential exposure of a charged surface to a 

polyanion solution and another polycation solution leads to the progressive build-up 

of thin films, often referred to as polyelectrolyte multilayers, even though their internal 

organization in many cases is not layered. This self-assembly process is affected by 

both intrinsic properties of the polyelectrolytes and solution conditions, such as salt 

type, ionic strength and pH.[2, 3] The polyelectrolyte multilayer build-up is a result of 

both electrostatic and non-electrostatic interactions, with the main driving force being 

the gain in entropy due to liberation of counterions and possibly water of hydration.[4] 

Two kinds of growth mechanisms for the polyelectrolyte multilayer build-up process 

have been proposed. When the interactions between two polyelectrolytes are strong, 

the excess polyelectrolyte is located near the surface, and the thickness and mass 

increase linear with the number of deposition steps. For less strongly interacting 

polyelectrolyte pairs an exponential growth is often observed, and this is caused by 

diffusion of polyelectrolytes within the film and/or increase in surface roughness with 

deposition number.[5, 6] Formation of thin polyelectrolyte multilayers with the LbL 

method has been used in fabrication of chemical sensors,[7] photodiodes,[8] optical 

devices[9] and drug delivery systems[10].   
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1.3 Biolubricants in synovial fluid 

The tribological performance of healthy mammalian synovial joints and properties of 

articular cartilage have long been attracting attention.[11] The unique ability of articular 

cartilage to slide with low friction and little wear has led to thorough investigation of 

both the cartilage as biomaterial and the synovial fluid as a lubricant system. The 

unprecedented low friction coefficient in the range 0.001-0.01 has been reported 

between cartilage surfaces in salt solution and synovial fluid.[12, 13] The synovial fluid 

is a complex aqueous solution containing a large amount of hyaluronan, 

phospholipids, proteins and small ions. In order to pinpoint the ultimate lubricating 

ingredients in synovial joints, there has been a wide range of investigations in nano-

tribology using advanced methodologies such as colloidal probe atomic force 

microscopy. However, it is now more and more understood that not one unique 

ingredient is responsible, but the exceptional performance is rather due to synergistic 

effects of many components and self-assembly structures combined with the special 

nanomechanical properties of the cartilage.[13, 14] So far phospholipid is the only 

single class of synovial fluid components that has been found to lubricate artificial 

surfaces well.[15, 16] To understand the lubricating ability of such a complex system as 

the synovial fluid, one strategy is to analyse both the constituting parts and their 

mode of function, and then put the parts together in order to understand synergistic 

effects. In my work I focused on the synergistic actions of hyaluronan and DPPC. 

1.4 Surface forces 

More information about surface forces has been described in detail in two excellent 

books from Israelachvili and Fleer.[17, 18]  
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1.4.1 DLVO-theory 

Derjaguin, Landau, Verwey and Overbeek developed the DLVO theory to describe 

the stability of colloid particles in aqueous solution. Two opposing forces are 

considered: an attractive van der Waals force and a repulsive electrostatic force 

known as a double layer force. The van der Waals force between molecules is short 

in range, decaying rapidly with separation, r, and is proportional to 1/r7. Between 

macroscopic surfaces the van der Waals interaction decays much more slowly, with 

the exponent in the power law expression depending on the surface geometry. On 

polymer-coated surfaces, the van der Walls force is often of limited importance due to 

the dominance of steric repulsion at short separations. Thus, below I only focus on 

the double layer force. 

 

The long-range double layer force originates from the osmotic pressure of the 

counterions confined between charged surfaces close together in aqueous solution. 

For two identical surfaces, as the surfaces approach each other the ion distribution 

changes in such a way that the energy decreases, the entropy decreases and the 

free energy increases. The change in entropy is thus more important than the change 

in energy, and one can say that the repulsive double layer force between identical 

surfaces has an entropic origin. The double layer force is commonly calculated by 

solving the non-linear second order Poisson-Boltzmann equation under either 

constant surface charge or constant surface potential boundary conditions. In both 

cases it follows from the requirement of overall electroneutrality, i.e., that the total 

charge of the counterions in the gap must be equal to the charge of the surface. In 

the constant surface charge boundary condition, no ions are allowed to adsorb or 

desorb during surface interaction. In contrast, the constant surface potential 
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boundary condition implies that ions adsorb or desorb so easily that the surface 

potential can be kept constant during surface interaction. Interactions under constant 

charge boundary conditions are more repulsive than those under constant potential 

conditions, and in real situation with a limited charge regulation capacity, the 

measured interactions fall in between these two boundaries.  

 

The Poisson Boltzmann model is a so called primitive model, which means that the 

solvent is regarded as a structureless continuum characterized by its dielectric 

constant. It is also a mean-field model, which means that ion-ion correlations are 

neglected. It is also common to: 

1. Treat ions as point charges, whereby neglecting forces due to the excluded 

volume of the ion 

2. Neglect any inhomogeneity in the potential along the surface 

3. Assume that the surface and the solvent have the same dielectric constant 

whereby neglecting polarization effects as often described by image charge 

forces. 

 

The Poisson-Boltzmann equation in a symmetric electrolyte (i.e. the cation and the 

anion have the same magnitude of their charge, such as NaCl) can be written as: = sinh	( )                (1.1) 

where φ is the surface potential, x the position of a plane of equal potential away 

from the surface, e the elementary charge,  the bulk salt concentration, ε the 

relative dielectric constant of the medium between the surfaces, ε0 the permittivity of 

vacuum, z the ion valence, k the Boltzmann factor, and T the absolute temperature.  
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Double layer interactions between oppositely charged surfaces are more complicated, 

compared to the case for identical surfaces. In this case the non-linear PB model is 

still the starting point. The boundary condition of the interaction is important because 

it determines not only the magnitude of the interaction, but also the separation where 

transition between attraction and repulsion happens. In paper III, I investigated the 

double layer forces between a weakly positively charged surface and a strongly 

negatively charged silica probe.    

 

The ion distribution is perturbed by adsorbed polymers present on the surface, thus 

the Poisson-Boltzmann model does not describe the double layer forces at short 

range for polymer coated surfaces. In such cases it is common practice to assume 

that the double layer force, as described in the Poisson-Boltzmann model, is set to 

start from the polymer-bulk solution interface. The potential at this interface is 

referred to as the apparent double layer potential. When polymer layers are 

compressed, the location of this interface shifts inwards, and it is thus an 

approximation to assume that this interface is located at a fixed distance from the 

underlying substrate.  

1.4.2 Steric repulsion 

The forces acting between polymer-coated surfaces are complex and cannot be 

generally described by any simple analytical expression. The reason for this is that 

the forces encountered depend on the polymer layer structure, which is influenced by 

both the structure of the polymer (linear or branched, charged or uncharged, 

molecular weight), the adsorbed amount and interactions between the polymer and 

the solvent as often expressed by the chi-parameter. The interactions between 

sufficiently dense polymer layers in good solvents are repulsive and often referred to 
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as steric repulsion. As two polymer covered surfaces approach each other, segments 

from the two opposing layers begin to overlap, leading to an osmotic pressure 

increase in a good solvent. On further compression, the conformational freedom of 

the chains will be reduced due to confinement effects. This also generates repulsion 

(both in good and poor solvents) at sufficiently short separations.  

1.4.3 Bridging attraction 

Attractive bridging forces may occur when the adsorbed polymer layers are not very 

dense and some uncovered patches exist on the surfaces. Under these conditions 

polymer chains may bind to two surfaces that reside close to each other, forming a 

“bridge” between them. The means that the polymer chain can adopt a larger number 

of favorable conformations that results in an increase in entropy and that more 

segments can bind to the surfaces, which lowers the free energy. Hence, an 

attractive force appears. However, at short separations steric repulsion due to 

confinement effects still dominates.  

1.4.4 Hydration repulsion 

Between hydrophilic surfaces in aqueous solution a short-range exponentially 

decaying repulsive force is often observed and referred to as a hydration force. The 

origin of this force arises from removal of water molecules that are strongly bound to 

the hydrophilic surfaces as they are forced together under high pressures. Hydration 

forces have been observed between mica surfaces with adsorbed cations, between 

silica surfaces and between supported phospholipid layers. The range of the short-

range repulsion between lipid bilayers is about 1-3 nm.  
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1.4.5 Protrusion repulsion 

It has been a long debate about whether hydration forces or protrusion forces are 

most important for surfaces coated by phospholipids and amphiphilic molecules. The 

protrusion force arises from the thermal motion of the molecules, which results in an 

in-and-out motion perpendicular to the surface of the molecules present in an 

adsorbed layer. As two surfaces are close together the thermal motion of the 

molecules is counteracted, resulting in a loss of entropy giving rise to a repulsive 

protrusion force.  It seems clear that both hydration and protrusion force should act 

between adsorbed phospholipid layers, but I do not dare to say which of these two 

forces is more important. 

1.4.6 Friction force 

Naturally, in many cases it is desirable to minimize friction and to reduce wear, while 

in some other situations it is favorable to have a high friction, for example in the use 

of breaks in automotive industry. Therefore, friction control is extremely important in 

the daily life. The friction coefficient, calculated from the slope of friction force versus 

load curves, is an important parameter in tribology. In liquid media, the Stribeck curve 

relates the friction coefficient to fluid dynamic viscosity, sliding speed and load, as 

shown in Figure 1.1. There are three regions in the Stribeck curve described as the 

hydrodynamic, elastohydrodynamic and boundary lubrication regimes. In the 

boundary lubrication regime, the high pressures squeeze out the liquid at the 

contacting asperities, leaving asperity-asperity contact between the sliding surfaces, 

but the asperity surfaces may be covered with a layer of adsorbed lubricant 

molecules. Boundary lubrication has been investigated extensively,[19-21] which is 

important in both engineering science and biological lubrication, such as in human 



9 
 

synovial joints.[21] In papers IV and V, I explored lubrication in the boundary regime. 

The lubricant solvent was water, and the lubricating molecules were phospholipids 

and hyaluronan. In both hydrodynamic and elastohydrodynamic lubrication, the fluid 

film thickness is large enough for the asperities on the opposing surfaces not to make 

direct contact.  

 

Figure 1.1 Stribeck curve for an oil lubricated journal bearing. 

 

In my work I measured the friction force, Ff, acting between two surfaces as a 

function of load, Fn. The friction force for non-adhering surfaces increases in many 

cases linearly with applied load, as suggested by Amontons’ rule. =                                                 (1.2) 

where μ is the friction coefficient. 

 

Sometimes due to adhesion between the sliding surfaces, the friction force vs. load 

curves do not pass through the origin. In such a case, the modified Amontons’ rule 

(eq. 1.3) may describe the data well. = +                                                 (1.3) 

where C is the friction force at zero load, and μ is the friction coefficient. Eq.1.3 

implies that for zero load, there is still friction. In paper III, the modified Amontons’ 

rule was applied in the analysis of friction measurement between a weakly positively 
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charged surface and a negatively charged probe. It has recently been pointed out 

that the value of C/µ can be viewed as a “contact adhesion” value,[22] since it is 

measured without actually pulling the surfaces apart, in contrast to the conventional 

“pull-off adhesion” measured from normal force curves. Contact adhesion 

corresponds to the internal adhesive load that needs to be added to the external load 

to make the data consistent with Amontons’ rule.  

  

It should also be mentioned that in many cases neither eq. 1.2 nor 1.3 could be 

applied. This was for instance the case when the bio-lubricants were investigated in 

papers IV and V. Here dramatic changes in the friction force vs. load curves were 

observed at high loads, and related to breakdown of the lubricating layer. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Chitosan  

Chitin is one of the most abundant polysaccharides in nature, and can be found in 

shells of shrimps, crabs and crayfish, which are waste products in marine food 

industry. Chitosan (CHI, chemical structure shown in Figure 2.1) is a linear β-(1,4)-

linked polysaccharide that is obtained by deacetylation of chitin. Chitosan is non-toxic, 

anti-bacterial, anti-fungicidal, biocompatible and biodegradable,[23-26] thus currently 

receiving significant attention for e.g. microfluidics, pharmaceutical and food 

application.[27-30] Chitosan is also mucin-adhesive and can therefore act as a 

protective coating of biosurfaces, for example for protection of mucin layers in the 

oral cavity against desorption by sodium dodecyl sulfate (SDS), one of the most 

common surfactants in personal care products. The hydroxyl and amine groups of 

chitosan are important for the interactions with water molecules. Hydration can be 

studied by spectroscopy.[31] The presence of primary amines provides 

responsiveness with respect to external stimuli, such as pH and ionic strength 

changes. The degree of deacetylation of the chitosan used in this work is 75 - 85%. 

The molecular weight is in the range of 50,000–190,000 g/mol. The pKa of chitosan 

depends on the degree of acetylation, but is often reported to be in the order of 6.0-

6.5,[32, 33] which is lower than the pKa for the monomeric unit, glucosamine with a pKa 

of 7.6.[34] At low pH, when the amine groups are protonated, chitosan is soluble in 

water. However, it becomes poorly soluble in water already at pH-values slightly 

above the pKa.  
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Figure 2.1 Molecular structure of chitosan (CHI).  

2.1.2 Poly(acrylic acid) 

Poly(acrylic acid), PAA, contains one carboxylic acid group for each polymer 

segment. The pKa of this group is about 4.8.[32] I utilized PAA with molecular weight 

1800 g/mol, which is a negatively charged weak polyelectrolyte at the pH-values 

used in my studies. PAA is a pH-sensitive polymer, which has a wide application 

potential in biomedical areas.[35] The molecular structure of PAA is shown in Figure 

2.2. 

 

Figure 2.2 Molecular structure of poly(acrylic acid) (PAA). 

2.1.3 Hyaluronan 

Hyaluronan (Figure 2.3) is a negatively charged linear high molecular weight 

polysaccharide consisting of repeating units of D-glucuronic acid and N-acetyl-

glucosamine. It is a major component of synovial fluid in healthy joints where it is 

found at a concentration of 1.45-3.12 mg/mL.[36] The pKa of D-glucuronic acid is 
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about 3.3,[37] and dissociation of the acid makes hyaluronan negatively charged in 

physiological solution at pH 7.4. Hyaluronan with molecular weight 620,000 g/mol 

was used in this study. It has been suggested that hyaluronan is important in synovial 

joints lubrication due to its abundance and viscoelasticity, however, the explicit role is 

still unclear.[38-40] Hyaluronan has also an important role in retaining water, thus it is 

widely applied in cosmetic formulation industry.[41] 

 

Figure 2.3 Molecular structure of Hyaluronan (HA). 

2.1.4 Phospholipids 

Phospholipids are small amphiphilic molecules that are present in synovial joints at a 

relatively high concentration, 0.1-0.2 mg/mL.[42] Eight different types of 

phosphatidylcholines have been identified on plastic and metal surfaces from 

retrieved implants, of which 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) is 

the most abundant among the saturated phospholipids detected.[43] Phospholipids 

self-assemble into bilayer structures on the flat surface, where the polar regions 

interact favorably with water, rendering them highly hydrated. Prior to use, DPPC 

vesicle solutions were heated to 55 ˚C for at the most 4h. The rationale to operate the 

measurement at 55 ˚C is to make sure that the acyl chains of DPPC, which has a 

phase transition temperature of 41 ˚C, are in fluid state. Driving forces of phase 

transitions in lipid systems have been studied by Kocherbitov.[44]  
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Figure 2.4 Molecular structure of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC).  

 

2.2 Methods 

2.2.1 Layer by layer assembly 

The main advantages of the LbL assembly process reside in the fine control of film 

structure and chemical composition, and that the method allows multilayers to be 

assembled on substrates regardless of size and shape by alternating adsorption of 

oppositely charged compounds. Thus, hollow capsules can be prepared from 

multilayer-coated particles by dissolution of the particle core, and these capsules can 

subsequently be loaded with pharmaceuticals. By choosing the appropriate polymer 

combination it is possible to control the release rate from these capsules. The LbL 

method was initiated by Iler,[45] and promoted by Decher after he applied this method 

to polyelectrolytes.[1] Since then LbL assembly of polyelectrolytes and proteins has 

attracted tremendous interest with several hundred publications every year. Figure 

2.5 shows a schematic diagram of the LbL sequential adsorption method using the 

polyelectrolytes chitosan, CHI, and poly(acrylic acid), PAA. The adsorption of each 

polyelectrolyte on the surface often results in overcompensation of the surface 

charge, introducing a charge reversal. 
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Figure 2.5 Chitosan/PAA multilayer build-up using the LbL assembly. 

2.2.2 Quartz crystal microbalance with dissipation, QCM-D 

Quartz crystal microbalance with dissipation monitor has the capacity of 

simultaneously measuring the resonant frequency shift, ∆f, and the change in energy 

dissipation, ∆D, at several different overtones in order to characterize thin films down 

to several nanometers. Crystals with 5 MHz fundamental shear frequency coated 

with a 50 nm thick silica layer on top of the gold electrode were used in my work.  

 

By momentarily turning off the driving AC voltage the dissipation is determined from 

the decay rate of the oscillation amplitude. The amplitude decays as an exponentially 

damped sinusoidal function with a characteristic decay time (τ). The dissipation (D) is 

inversely proportional to τ,  =          (2.1) 

where ω (ω=2πf) is the angular frequency of the oscillating crystal. In general, thick 

and flexible structures dissipate more energy than thin and rigid ones. The mass in 

QCM-D is referred to as the sensed mass. When the measurement is conducted in 

aqueous environment, both adsorbed species and hydrodynamically coupled water 

contribute to the detected mass.  
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The Sauerbrey model is appropriate for determining the sensed mass when the film 

is thin, rigid and evenly distributed over the sensor surface. The Sauerbrey model is 

applicable when there is no or very little change (normally less than 1E-6) in 

dissipation, and when frequency responses normalized by the overtone number 

overlap. In the Sauerbrey model, the frequency change is proportional to the sensed 

mass as:[46] 

         (2.2) 

where C is the mass sensitivity factor which equals 17.7 ngHz-1cm-2 for my sensors 

and n is the overtone number (1, 3, 5, 7…). The acoustic shear waves associated 

with the different overtones penetrate the solution outside the sensor to different 

depths, with a decay length ranging from 140 nm (n=3) to 65 nm (n=13) in water at 

25 ˚C.[47]  

 

The Sauerbrey model is not appropriate for viscoelastic layers and for this situation I 

used two other models. The Johannsmann model uses data from several overtones 

to create a regression line from which the sensed mass is derived as:[48] 

 (2.3) 

where ρ is the film density, d the thickness, ω the angular frequency and J the 

viscoelastic compliance. This model is appropriate when the viscoelastic compliance 

is frequency independent. In this case the sensed mass, mj, is obtained from the 

intercept of the ms versus ω2 plot at zero frequency.  

 

In the Voigt model, the viscoelastic response of the film is represented by an elastic 

component in parallel with a viscous component.[47] The software Q-tools provided by 
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Q-sense is utilized to analyse the data using Voigt modelling. The key equations 

relating the measured quantities, ∆f and ∆D, to the film properties are:[49]   

  (2.4) 

  (2.5) 

                          (2.6)     

                     (2.7) 

                      (2.8) 

where μ is the shear modulus, η the shear viscosity, h the film thickness and δ the 

viscous penetration depth of the shear wave in the bulk liquid. The quartz crystal 

thickness (h0) is 3.3×10-4 m, and the density of quartz (ρ0) is 2648 kg.m-3. The 

subscript numbers denote different layers: 0 is for the quartz crystal, 1 for the 

adsorbed film, and 2 for the bulk solution. The change in frequency and dissipation 

measured at different overtones are used together with an assumed value of the 

layer density (ρ1) to estimate the mass of the adsorbed film (including 

hydrodynamically coupled water). In my studies the assumed layer density does not 

affect the sensed mass, whereas the calculated thickness decreases as the assumed 

layer density increases. In the Voigt model, as in all the other models, it is also 

assumed that the film is laterally homogenous and evenly distributed, which is an 

approximation in most cases.   

2.2.3 Total internal reflection Raman, TIR-Raman 

Identification of chemical species and functional groups can be made using 

spectroscopic techniques, which is an advantage compared to QCM-D and AFM. 
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Raman spectroscopy is a form of inelastic light scattering in which the scattered light 

gains or loses energy from vibrational or rotational modes in molecules (see Figure 

2.6). Stokes scattering, in which the emitted photon has lower energy than the 

incident photon, is more intense than Anti-Stokes scattering since there is a greater 

thermal population of molecules in the ground vibrational state due to the Boltzmann 

distribution. Tamio and coworkers first demonstrated carbon disulphide beneath a 

glass substrate with a total Internal reflection (TIR) setup in Raman spectroscopy in 

1973.[50] Nowadays, TIR-Raman spectroscopy is a fast (only a few seconds) and 

surface sensitive technique for studying thin films down to several nanometers.[51]  

 

 

Figure 2.6 Schematic illustration of Rayleigh and Raman scattering. In Rayleigh 
scattering the scattered photon has the same energy as the incident photon, but in 
Raman scattering the scattered photon has a lower (Stokes) or higher (Anti-Stokes) 
energy. 
 
 

A continuous wave (CW) 532 nm laser is used for the home-built TIR Raman 

spectrometer. The incident laser can be tuned to be S polarized (perpendicular to the 

plane of incidence) or P polarized (parallel to the plane of incidence). We selected 

the combination of S polarized incident light and a single polarization of the scattered 
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radiation, y, perpendicular to the plane of incidence. The configuration of different 

polarization combinations is shown in Figure 2.7. 

 

Figure 2.7 Configuration of different polarization combination. 

 

The sample consists of a hemispherical silica substrate, sealed with a Viton O-ring to 

the top of a custom-made glass cell.[52] The surface sensitivity of TIR Raman resides 

in the use of evanescent waves as excitation source.[51] The penetration depth (d) of 

the intensity of the TIR Raman bands depends on the wavelength of the laser (λ0), 

angle of incidence (θi)　and the refractive indices (n, in this case, nsilica=1.46 and 

nwater=1.335) of the two media: [53] 

0

2 2 2

1

4 sinsilica i solution

d
n n


 

 
 
  

 (2.9) 

 

2.2.4 Target factor analysis, TFA 

A statistical method known as target factor analysis (TFA) was used to determine the 

individual adsorbed mass of CHI and PAA from Raman spectra in paper I, and the 

cross-linking density of the nanogel in paper II. The method is particularly effective 

when the data set can be modelled as a linear combination of constituting factors or 

components, which in the case concerned, corresponds to the distinct spectral 



20 
 

contributions from CHI, PAA and water in paper I, and the band associated with 

cross-linking and water in paper II.  

 

The first step in TFA consists of decomposing the data set into its principal 

components, which include orthogonal linear combinations of target compounds (3 

for paper I and 2 for paper II). In paper I, a series of Raman spectra, recorded as a 

function of deposition number, are arranged into a spectra matrix, A (m by n matrix, 

and m>n). Each column of the matrix corresponds to a spectrum, and each row 

corresponds to the intensity at a given frequency for different deposition numbers. 

Singular value decomposition (SVD) is used to decompose the data matrix into 

orthogonal abstract components. 

A=UΣVT            (2.10) 

where U (m by n) and V(n by n) are matrices in which each column is normalized and 

orthogonal to every other column, Σ(n by n) is the diagonal matrix of singular values. 

It is a feature that SVD generates n orthogonal abstract components with each 

successive component describing the maximum variation in the remaining data. If r 

principal components are given, n-r discarded components are the noise components. 

 

The second step is a coordinate rotation to obtain refined spectra for the target 

compounds, as well as the component weights that establish the individual 

contributions of the refined spectra to each raw spectrum in the data set. According 

to the Lambert-Beer Law, 

A=SCT         (2.11) 

A=UΣVT=(UΣ)TT-1VT   (2.12) 

S=(UΣ)T         (2.13) 
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CT=T-1VT           (2.14) 

where A is the matrix of absorbance, S the real component spectra matrix comprised 

of molar absorption coefficients, CT the component weight matrix, T the rotation 

matrix. 

 

The measured spectrum under investigation is referred to as the target spectrum. A 

refined spectrum is generated for each target spectrum by a least squares method 

from the spectra matrix. The least squares procedure minimizes the deviation 

between target and refined spectra, producing the best possible rotation matrix, T, for 

the target spectra being considered. The target rotation approach looks at each 

component individually, taking a predicted component;  is usually the measured 

spectrum of a single component (target spectrum) and attempting to generate a 

column of the rotation matrix.  = ( )Tj      (2.15) 

aj=BTj        (2.16) 

where aj is ( )’  and B is ( )’( ) 
Tj=B-1aj= (( )’( ))-1( )’ =( )     (2.17) 

where + represents the Moore-Penrose pseudoinverse of the matrix, which is 

implemented in most programming languages. 

2.2.5 Atomic force microscopy, AFM 

Atomic force microscopy (AFM), initially developed by Binnig,[54] is a widely used tool 

for probing surface morphology and interactions at the nano-scale. The method has 

been extensively applied to probe soft biological samples such as polysaccharides, 

proteins, DNA and living cells in liquid media.[55-59]  
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2.2.5.1 PeakForce QNM Imaging 

PeakForce QNM (Quantitative Nanomechanical Property Mapping) maps and 

distinguishes some nanomechanical properties, such as deformation, adhesion and 

energy dissipation, while simultaneously imaging sample topography at high 

resolution. The piezo actuator is modulated at a frequency of 2kHz, resulting in a 

force curve being generated in every 0.5 ms. Compared to the dynamic tapping 

mode, a widespread imaging mode, where the feedback loop keeps the cantilever 

vibration amplitude constant, PeakForce QNM controls the maximum force (Peak 

Force) on the tip. As the tip scans over the sample, the feedback loop of the system 

maintains the instantaneous constant peak force by adjusting the extension of the 

piezo position. Since the forces in the measurements applied to the sample are 

precisely controlled, it can offer limited indentation that allows for high resolution and 

non-destructive imaging. During imaging a force curve is generated at each image 

pixel. Analysis of force curve data is done on the fly, providing a map of multiple 

mechanical properties that has the same lateral resolution as the height image. 

Deformation in PeakForce QNM mode is defined as the penetration of the tip into the 

surface at the peak force, and is calculated from the difference in separation from the 

point where the force is zero, or a predetermined value above zero to reduce noice, 

to the peak force point along the approach curve, see in Figure 2.8. If the pre-

determined peak force increases, the deformation also increases. The adhesion is 

defined as the difference between the zero force baseline and the minimum force 

encountered on retraction. The energy dissipation is the area between the force vs. 

separation data obtained on approach and retraction (the shaded region in the figure). 
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Figure 2.8 Schematic illustration of a force curve as a function of tip-sample 
separation on approach (blue) and retraction (red) with nano-mechanical features 
indicated: adhesion, deformation and dissipation.   

2.2.5.2 Colloidal probe AFM 

Colloidal probe AFM (CP-AFM)[60] utilizes a colloidal sized particle rather than a 

sharp tip, which is an advantage for quantitative measurements of surface force and 

friction, both because the forces scale with probe radius and because a well-defined 

geometry is achieved. In order to convert cantilever deflection or twist, the measured 

quantity, to corresponding force, I need to know the cantilever normal or torsional 

spring constant. I determined these using thermal noise analysis as suggested by 

Sader.[61] A National Instruments data acquisition (DAQ) card was used, and the data 

was Fourier transformed to obtain amplitude versus frequency graphs (power 

spectra). The resonance peak was fitted to a single harmonic function giving the 

resonance frequency and Q-value (peak width). These two parameters are used 

when calculating the spring constants. 

 

The normal force is measured from the deflection of the cantilever detected by the 

photodiode. The Derjaguin approximation is commonly used in the analysis of the 

force curves, as it relates the force, F, measured between a flat surface and a sphere 



24 
 

to the free energy of interaction per unit area, W, between two flat surfaces,[17] shown 

in eq. 2.18,  ( ) = 2 ( )              (2.18) 

where D is the surface separation, and R the radius of the sphere. Thus, the 

measured force, normalized by radius, can be directly compared using probes with 

different radii. The Derjaguin approximation is valid as long as D<<R, and as long as 

the surfaces are homogeneous and undeformable. 

 

Friction forces are measured from the twist of the cantilever as detected by the 

photodiode. A schematic friction loop as a function of lateral movement is shown in 

Figure 2.9. The sign of the friction voltage depends on the scanning direction, and ∆V 

corresponds to the torsional deflection. ∆V is then converted to friction force using 

the lateral photodiode sensitivity and torsional spring constant. The lateral 

photodiode sensitivity, δ (V/rad), is calibrated using the method of tilting the AFM 

head as suggested by Pettersson et al.[62] The friction force is usually averaged from 

several friction loops at each applied load, and this average is then plotted as a 

function of the applied load to obtain a friction-load curve.  
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Figure 2.9 Schematic illustration of a friction loop. The sign of the voltage depends 
on the scanning direction. 
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3 Summary of key results 

This section summarizes the results that are particularly interesting in this PhD-thesis 

work. A full coverage of all research is provided in the included papers attached at 

the end of the thesis. 

3.1 Surface grafted nanogels 

In this section the formation of chitosan/PAA multilayers, how these multilayers are 

converted into cross-linked surface grafted nanogels, and the responsiveness of the 

nanogels will be described. 

3.1.1 Polyelectrolyte multilayer build-up 

3.1.1.1 Surface grafted chitosan layer 

Electrostatically driven adsorption of the first layer of chitosan is not sufficiently strong 

to avoid the detachment of the multilayer from the surface either during the 

subsequent alternating exposures to PAA and chitosan solutions, or upon changes of 

solution conditions once the nanogel is formed. This instability of the multilayer 

structure can be avoided by chemical grafting of the first chitosan layer using the 

epoxide from (3-glycidyloxypropyl)trimethoxysilane (GPS).[63, 64] The TIR-Raman 

spectrum in Figure 3.1 demonstrates the presence of GPS with an intact epoxide ring 

on the silica substrate, prior to reaction with chitosan, since the symmetric stretch 

from the methylene group in the epoxide ring gives rise to a characteristic band at 

~3010 cm-1.[65] Upon adsorption and grafting of the first layer of chitosan this band 

disappears by the opening of the epoxide rings during reaction with the amine groups 

from chitosan. (The reaction is shown in Figure 3.2.)   
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Figure 3.1 TIR-Raman spectrum of the CH stretching region after silanation of the 
silica hemisphere with (3-glycidyloxypropyl)trimethoxysilane. The spectrum was 
collected in air at an angle of incidence of 51º. 
 
 

 

Figure 3.2 Formation of epoxy-modified surface and a surface grafted chitosan layer. 

 

3.1.1.2 Sequential adsorption dynamics 

The detailed dynamic response of the multilayer during sequential adsorption of 

chitosan and PAA was tracked by QCM-D, and several results are shown in Figure 

3.3. The sequential adsorption of PAA solutions at pH 3.7 and CHI solutions at pH 

6.1, separated by an intermediate rinsing step with NaCl solutions at pH 5.7, was 

applied to build-up the CHI/PAA multilayer. The dynamic response is significantly 

more complex than could be expected for a simple process where additional material 

is just adsorbed on top of the previously existing layer.  

 



27 
 

Upon addition of each polyelectrolyte solution a decrease in frequency and a 

concomitant increase in dissipation are observed. This is expected as mass of a 

polymer layer is added to the sensor surface. Particularly, once the chitosan is 

adsorbed, it is not significantly removed by rinsing (see Figure 3.3 b&d). At later 

stages of the build-up process, however, chitosan adsorption leads to an initial net 

decrease in the sensed mass, suggesting loss of material, prior to an increase in 

mass following a trend similar to the one described at the beginning (see Figure 3.3d).  

 
Figure 3.3 The change in frequency and dissipation from the 5th overtone as a 
function of time during sequential adsorption of PAA and CHI (a), details observed 
during formation of a 7th layer (CHI) (b), a 8th layer (PAA) (c), and a 11th layer (CHI) 
(d). The measurement started by injection of PAA on a surface grafted chitosan layer. 
The black arrows indicate the injections of polyelectrolytes (CHI:100 ppm, PAA:200 
ppm) or a rinsing solution. The frequency, dissipation and fitting curves from the Voigt 
model are represented by black, blue, and red curves, respectively.  
 

When injecting the lower molecular weight PAA the changes in frequency and 

dissipation are even more complex (see Figure 3.3c). Upon addition of PAA, a small 
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increase in frequency is observed, indicating that loosely adsorbed CHI at the top is 

removed. Thereafter, a layer of PAA is adsorbed on top of the existing multilayer, 

shielding chitosan from the outer surface. As the low molecular weight PAA slowly 

penetrates into the multilayer some water is expelled from the film. The loss of water 

would then account for the gradual decrease in dissipation. The diffusion coefficient 

of a polymer increases when molecular weight decreases, which is one reason why 

the low molecular weight PAA molecules penetrate more easily into the body of the 

film compared to chitosan molecules with higher molecular weight. As PAA is 

adsorbed at pH 3.7 and the multilayer is rinsed at pH 5.7, some PAA monomeric 

units deprotonate upon rinsing and cause PAA to diffuse out of the film because of 

electrostatic repulsion.  

3.1.1.3 Adsorbed mass 

The adsorbed amount of the individual polyelectrolyte was estimated from TIR-

Raman spectra using the component weight data from TFA (for details see paper I). 

The higher refractive index of the adsorbed polymer film compared to water 

increases the penetration depth of the evanescent field, and changes the absolute 

value of the electric field at the interface. To take into account these changes in 

Raman intensity due to both a varying penetration depth and electric field intensity at 

the interface, I use a two layer model consisting of silica and a water equivalent 

phase of varying index of refraction, in order to estimate the change in refractive 

index required to match the measured increase in water signal. The results obtained 

are presented in the inset of Figure 3.4, and these data have to be utilized when 

calculating the adsorbed masses of CHI and PAA after layer deposition number 10. 

The calculated adsorbed masses for each polyelectrolyte are shown in Figure 3.4. 

Some removal of either CHI or PAA from the surface by its oppositely charged 
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stages of the multilayer formation is a consequence of the underlying negatively 

charged silica surface at pH above 2-3.[67] The interlude between the two linear 

growth regions at deposition number 9 or 10, see Figure 3.4, coincides with the 

stabilization of the molar fractions, indicating that complete neutralization of the silica 

charge may play an important role in the growth acceleration. The fact that it is not 

until deposition number eight or ten, corresponding in principle to an average 

thickness of 40 nm or more in the QCM-D measurement, the monomeric unit mole 

fractions start to oscillate around a value of 0.5, implies that the polyelectrolyte 

multilayer is not homogeneous, a hypothesis which is confirmed by AFM imaging.  

 

Figure 3.5 Monomeric unit mole fraction as a function of deposition number obtained 
from the TIR Raman data. The dashed line at 0.5 is a guide to the eyes. Odd and 
even numbered layers correspond to the deposition of chitosan and poly(acrylic acid), 
respectively. 

3.1.1.5 Overcompensation and complexation 

Charge overcompensation is a general requirement for sequential adsorption of two 

oppositely charged polyelectrolytes.[68] If only electrostatic interactions are taken into 

account, charge overcompensation is not anticipated, since in contrast to 

neutralization, charging a surface leads to unfavorable electrostatic free energy 

increase. Thus, the main driving force facilitating adsorption is the entropic gain 
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associated with the release of counterions up to charge neutralization, and then 

some counterions are confined in the electrical double layer and the multilayer 

structure with a higher degree of freedom than counterions present next to a 

polyelectrolyte in bulk. However, non-Coulomb interactions between the 

polyelectrolytes due to e.g. hydrogen bonds, van der Waals interactions or 

hydrophobic interactions are also expected to contribute to charge 

overcompensation.[4, 69] TIR-Raman provides a means for investigating this 

mechanism by targeting the specific groups in the polyelectrolytes, such as carbonyl 

groups from PAA.  

 

The carbonyl stretching, (C=O), can be used for determining the adsorbed amount of 

the protonated form of PAA. By subtracting the amount of protonated PAA from the 

total amount of PAA, reported in Figure 3.4, the dissociated (deprotonated) PAA 

monomeric units amount is obtained. Calculated adsorbed amounts for protonated 

and dissociated monomeric units of PAA as function of number of deposited layers 

are shown in Figure 3.6. It is mainly the quantity of non-charged PAA monomeric 

units that increases upon deposition of PAA (even numbered depositions), and 

decreases upon deposition of chitosan (odd numbered deposition), with the amount 

of dissociated PAA monomeric units increases more consistently with deposition 

number, most probably forming complexes with CHI. The proportion of protonated 

PAA monomeric units in the film immersed in NaCl solutions at pH 5.7, oscillates 

between approximately 25% and 50% between odd and even numbered layers, 

except at the beginning due to the charged silica surface (see inset in Figure 3.6).  
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Figure 3.6 Calculated adsorbed amounts for protonated and dissociated monomeric 
units of PAA as function of number of deposited layers. Inset: percentage of 
protonated PAA monomeric units in the adsorbed layer along the build-up process. 
Odd and even numbered layers correspond to the deposition of chitosan and 
poly(acrylic acid), respectively. 
 

3.1.1.6 Topography evolution during polyelectrolyte multilayer 

build-up 

AFM topography images of the film formation process are provided in Figure 3.7. The 

images show that from the first layer of chitosan the surface is already 

inhomogeneous, with further adsorption mainly occurring in those areas where 

polyelectrolyte has previously been deposited. After approximately six or seven 

deposited layers the surface appears to be completely covered by isolated islands. 

As the build-up proceeds the film gets rougher with aggregates growing in size in 

both lateral and vertical directions. This process of aggregation starts from layer 9 

until large aggregates eventually fully cover the surface. This transition in morphology 

occurs in the region where the growth behavior changes (see Figure 3.4 and 3.5).  
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Figure 3.7 AFM topography images of some specific deposited layers (deposition 
numbers provided in the images) in 30 mM NaCl at pH 5.7. Note the change in the 
height bar scales along the build-up process. Image size: 10 x 10　m2. Odd and 
even numbered layers correspond to the deposition of chitosan and poly(acrylic acid), 
respectively.  
 

3.1.2 Formation of cross-linked nanogels 

In this work, I mainly investigated two types of cross-linked nanogels, achieved by 

first reacting amine groups on chitosan and glutaraldehyde, and then removing (part 

of) the PAA by rinsing with carbonate buffer at pH 9 (see Paper II for details). The 

LC-nanogel refers to the nanogel that has been cross-linked for 20 min and has a 

cross-linking density of about 40%, and the HC-nanogel refers to the 24h cross-

linked nanogel where the cross-linking density is close to 100% (all amine groups 
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have been consumed). The results shown in Figure 3.8 demonstrate the relation of 

cross-linking density and the fraction of removed PAA as a function of cross-linking 

time. The cross-linking density versus cross-linking time was calculated by monitoring 

the intensity increase of the band ν(=CH) in TIR-Raman. The fraction of PAA 

removed versus cross-linking time was calculated by the change of the intensity of 

the νas(COO-) and ν(C=O) bands before and after the carbonate buffer rinsing. The 

cross-linking kinetics is fast for the first 50 min that the multilayer is in contact with 

glutaraldehyde, and then the reaction slows down. After 700 min in contact with 

glutaraldehyde, all amine groups from CHI are consumed by the Schiff’s base 

formation. The fraction of removed PAA depends on the cross-linking density of the 

multilayer. 83% of the PAA is removed by rinsing with carbonate buffer for the 20min 

cross-linked multilayer. For the 24h cross-linked multilayer, merely 0.3% of PAA has 

left the film after carbonate buffer treatment. Thus, less PAA can be removed when 

the cross-linking density is increased. 
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Figure 3.8 Cross-linking density (a) and fraction of PAA removed after 0.2 M 
carbonate buffer treatment (b) as a function of cross-linking reaction time. 
 

Table 3.1 summarizes the water content and cross-linking density of the nanogel 

films. The water content in the LC-gel is higher than in the HC-gel, which is a 

consequence of the different cross-linking density. The high cross-linking time results 

in a more compact layer with lower water content.  
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Table 3.1 Water content (Xw) and cross-linking density (Dcl) of LC and HC nanogels.  
 Xw Dcl 

LC-nanogel 0.55±0.02 0.40 

HC-nanogel 0.47±0.02 1.00 

 

3.1.3 Responsiveness to pH variations 

Polyelectrolyte gels bearing weak acidic or basic groups display pH-induced volume 

transitions. For instance, the protonation of amine groups of a chitosan gel upon 

lowering the pH causes an increase in counterion concentration in the gel and 

increase in electrostatic repulsion between the cationic segments, which leads to 

swelling. In this work I used TIR-Raman and QCM-D to monitor the response of 

nanogels to pH variations. The ionic strength of the solution was kept constant at 

30mM in all cases. 

 

The pKa for CHI and PAA in the LC-nanogel was first measured with TIR-Raman 

spectroscopy by recording the intensity of specific peaks, and the data is shown in 

Figure 3.9. The amine symmetric stretching band at 3315 cm-1 from CHI, and the 

carboxylate symmetric stretching band at 1420 cm-1 as well as the carbonyl 

stretching band at 1710 cm-1 from PAA were utilized. As shown in Figure 3.9b, the 

pKa of PAA in the LC-nanogel is about 4, slightly lower than that found in bulk where 

pKa has been determined to be 4.8.[32] Surprisingly, CHI in the LC-nanogel has two 

distinctive pKa-values (see detailed information about the fitting in Paper II), 20% of 

amine groups in CHI have a pKa of 6.1, which falls in the range reported for chitosan 

in bulk aqueous solution where pKa = 6.0-6.5[32, 33]. However, the rest of the amine 

groups (80%) have a significantly higher pKa value of 9.0 (see Figure 3.9a).  
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Figure 3.9 TIR Raman peak intensities of CHI and PAA in the LC-nanogel, measured 
by amine symmetric stretching band (black) at 3315 cm-1 from CHI (a), and 
carboxylate symmetric stretching band (black) at 1420 cm-1 and carbonyl stretching 
band (blue) at 1710 cm-1from PAA (b). Two pKa values for CHI are calculated by the 
fitting to data points in (a).  
 

The frequency and dissipation shifts during repeated transitions between the 

shrunken state at pH 5.7 and the swollen state at pH 2.7 are illustrated in Figure 3.10. 

When the solution pH changes from 5.7 to 2.7, some swelling occurs as a result of 

increasing ionization of the amine groups in chitosan and decreasing deprotonation 

of the carboxylate groups in PAA. More extensive swelling for the less cross-linked 

nanogel film is observed, because the swelling process stops when the osmotic 

pressure difference between bulk solution and gel layer is balanced by the retractive 

force that originates from the entropic penalty of elastically stretching of polymer 

chains between crosslinking points. The data shows that the sensed mass increases 

due to up-take of water and mobile ions, and at the same time the nanogel layer 

becomes more viscoelastic. The response of the HC-nanogel film is fully reversible. 

However, for the LC-nanogel film the response during the first cycle (pH sequence 

5.7-2.7-5.7) is different from the rest, indicating some structural changes. The 

reversible mass change during subsequent pH-cycles in the LC-nanogel, calculated 

with the Voigt model, is 5 mg/m2. In the HC-nanogel, the mass response is only 1 

mg/m2. 
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Figure 3.10 Frequency and dissipation change as a function of pH between 5.7 and 
2.7 measured in 30mM NaCl. Data for the LC-nanogel (a) and for the HC-nanogel (b). 
Black points represent frequency, and blue points represent dissipation. 
 

In order to understand this initial reorganization within the LC-nanogel by exposure to 

acidic solution as illustrated in Figure 3.10a, TIR-Raman was applied to provide 

chemical information. Figure 3.11 presents three spectra of the LC-nanogel during 

the first pH cycle treatment (5.7 in black - 2.7 in red - 5.7 in blue). It indicates that 

there is no mass loss of polyelectrolytes since the CH stretching peak intensity 

between 2800 to 3000 cm-1 is constant for all three cases. The exposure to acidic 

solution does not change cross-linking status either due to a constant intensity of the 

peak at 3105cm-1 (ν=CH). Before exposure to the acidic solution, the amine band from 

chitosan at 3315 cm-1 is observed clearly. When the pH decreases to 2.7, this band 

disappears, and at the same time the intensity of the carboxylate band from PAA at 

1420 cm-1 decreases along with an increasing intensity of carbonyl band at 1710 cm-1. 

Low pH induces protonation of both weak polyelectrolytes. When the pH changes 
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back to 5.7, the amine band is still absent, and neither the carboxylate nor the 

carbonyl band intensity returns back to the original value. Thus, after exposure to 

acid solution, uncross-linked chitosan amine groups are charged up to –NH3
+, 

whereas the portion of charged PAA decreases. Linking to the results from QCM-D 

that a more viscoelastic film is formed, it is concluded that the mass gain is from 

water. 
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Figure 3.11 First pH cycle (5.7 in black - 2.7 in red - 5.7 in blue) for the LC-nanogel, 
investigated by TIR-Raman in 30mM NaCl solutions.  
 

3.1.4 Responsiveness to shear 

The pH and ionic strength dependent friction force vs. load curves determined 

between the LC-nanogel and a silica probe in NaCl solutions are shown in Figure 

3.12. The friction coefficient is high, about 1.1, at all pH-values investigated, 

demonstrating large energy dissipation during sliding. An increase in ionic strength 

leads to a decrease in friction force at any of the explored loads, but the friction 

coefficient remains 1.1. This is exclusively due to an increase in friction force at zero 

loads, related to the contact adhesion.[22] Neither pH nor ionic strength affects the 

friction coefficient, whereas the pull-off force measured in normal force curves is 

affected by both pH and ionic strength. This strongly suggests that the main energy 
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dissipation is due to processes occurring within the LC-nanogel rather than due to 

processes occurring in the direct contact region between the nanogel and the silica 

surface.  
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Figure 3.12 Friction force vs. load between the LC-nanogel layer and a silica probe 
across NaCl solutions at different pH-values with a constant ionic strength of 1mM (a), 
and at different ionic strength with a constant pH of 5.7 (b). There is no hysteresis 
between the loading and unloading curves. The error bars are calculated based on 
10 consecutive measurements. The shear velocity was 20μm/s. 
 

3.2 Association structures in aqueous biolubrication 

In this part I focus on the lubricating ability of self-assembly structures formed 

between two major components of synovial fluid: hyaluronan and phospholipids. The 

rational for this choice is that it has been shown that both hyaluronan and 

phospholipids improve lubrication of damaged cartilage on their own, and even better 

results can be obtained by a combination of these two compounds.[70] Thus, a 

synergistic effect of hyaluronan and phospholipid combinations in aiding lubrication 

has been observed in vivo, but the mechanism is not well understood. I explored the 

lubricating ability of organized layers of DPPC and hyaluronan prepared by the LbL 

technique on silica substrates in paper IV and paper V.  
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3.2.1 Association of phospholipids and hyaluronan in bulk 

DPPC vesicles with a mean hydrodynamic diameter of 110 nm are prepared in 155 

mM NaCl solution. When hyaluronan is added to the vesicle solution their mean 

diameter increases to 140 nm, indicating that the hydrodynamic layer thickness of 

hyaluronan on the vesicle surface is about 15 nm.  

 

Table 3.2 Hydrodynamic diameter and polydispersity measured by dynamic light 
scattering. 

 
0.5mg/mL 

hyaluronan 

0.5 mg/mL 

DPPC 

0.5 mg/mL mixture of 

DPPC and hyaluronan 

Hydrodynamic 

diameter (nm) 
70 110 ± 4 140 ± 8 

Polydispersity 0.20 0.24 ± 0.01 0.27 ± 0.04 

3.2.2 Adsorption of phospholipids and hyaluronan at the 

silica-aqueous solution interface 

The sequential adsorption of DPPC and hyaluronan on silica was followed by QCM-D, 

and the results are shown in Fig 3.13. The experiments were carried out at 55 °C in 

order to have the acyl chain of the phospholipid in fluid state. As the first step, DPPC 

vesicles are allowed to interact with the silica surface. This results in changes in 

frequency and dissipation values of 24 Hz and 0.7×10-6, respectively. The low 

dissipation change demonstrates that the vesicles that attach to the silica surface 

rupture, whereby forming a DPPC bilayer. The DPPC bilayer remains on the surface 

when the vesicle solution is replaced with a 155 mM NaCl solution. The mass of the 

DPPC layer, including hydrodynamically trapped water, calculated by the Sauerbrey 

model is 4.2 mg m-2.  



41 
 

 

In the next step, hyaluronan is allowed to adsorb to the DPPC bilayer, leading to a 

further decrease in frequency and an increase in energy dissipation. A second 

injection of DPPC vesicle solution again results in further changes in both frequency 

and dissipation. The changes are larger than what can be expected for formation of a 

second DPPC bilayer, implying that DPPC vesicles attach to the hyaluronan-DPPC 

coated bilayer. A second injection of hyaluronan results in further adsorption, and a 

subsequent injection of DPPC vesicles increases the adsorption even more.  As seen 

from Fig. 3.13, the process can be continued for several more deposition steps, 

leading to formation of a thick composite layer of DPPC and hyaluronan.  

 

Figure 3.13 (a) The first two steps of the DPPC and hyaluronan composite layer 
build-up at 55 °C. Arrows marked “D” show DPPC injections and arrows marked “H” 
signify hyaluronan injection. Downward arrows indicate rinsing by 155 mM NaCl 
solution. (b) Sequential DPPC and hyaluronan adsorption on silica from 155 mM 
NaCl solution containing 0.5 mg/mL of either DPPC or hyaluronan at 55 °C. Data are 
collected from the third overtone. Filled and hollow symbols represent dissipation and 
frequency changes, respectively. Figure (c) frequency and (d) dissipation change for 
each individual adsorption step, evaluated after rinsing. Open circles are for DPPC 
adsorption, and filled circles are for hyaluronan adsorption. 
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3.2.3. Lubrication by DPPC/hyaluronan composite layers 

Short range repulsive forces are observed between the supported DPPC bilayers, 

see Fig. 3.15, due to the presence of short range hydration and protrusion forces.[71] 

In the presence of hyaluronan, a steric repulsion with a range of about 70 nm is 

measured when the surfaces approach each other, which demonstrates that some 

hyaluronan chains extend quite far from the surface. On separation a long-range 

attraction is observed, which we attribute to bridging, i.e. hyaluronan molecules 

attached to both surfaces. The bridging polymers detach at a separation of 

approximately 50 nm.  

 

Figure 3.15 Force/radius measured between silica surfaces covered by DPPC 
bilayers before (inset) and after (main figure) adsorption of hyaluronan as a function 
of surface separation. The measurements were done in 155 mM NaCl. 
 

The friction force vs. load curves obtained between silica surfaces coated with a 

DPPC bilayer are shown in Figure 3.16. The friction curve is consistent with 

Amontons’ rule and the friction coefficient is found to be 0.03 up to the highest load 

probed. Addition of hyaluronan results in a more complex friction response. At low 

loads, up to 27 nN, a friction coefficient of 0.03 is obtained, similar to that measured 



 

betwee

calcula

require

is broke

 

For the

force 

mecha

coated 

friction 

decrea

conseq

bilayer,

hyaluro

Figure 
with DP
layer of
 

en DPPC b

ated using t

ement of pr

en.  

e DPPC bi

increases 

nism come

DPPC bila

force, at 

sed stabil

quence of p

, or due to

onan.  

e 3.16 Fric
PPC bilaye
f hyalurona

bilayers. T

the JKR m

rotection o

ilayer with

more ra

es into play

ayer. This 

any give

ity of the 

partial inte

o the attrac

tion force 
er before 
an (■ loadi

The load of

model,[72] w

f synovial j

 adsorbed

apidly. Thi

y. It is like

is support

n load, is 

DPPC bila

rpenetratio

ctive bridg

as a funct
(● loading,
ing, □ unlo

44 

f 27 nN co

which is hig

joints, sinc

d hyalurona

is sugges

ly that this

ted by the 

 observed

ayer in th

on of hydro

ing forces 

tion of loa
g, ○ unload
oading). 

orresponds

h enough 

ce above 2

an at load

sts that a

s involves d

observatio

d when th

e presenc

ophobic re

that are o

d between
ding) and a

s to a pres

to satisfy e

25 MPa the

s above 2

a new en

disruption 

on that a s

e load is 

ce of hyalu

gions of hy

observed in

 

n two silica
after adsor

ssure of 5

even the h

e hyaline c

27 nN, the

nergy dis

of the hya

significantly

decreasin

uronan ma

yaluronan 

n the pres

a surfaces
rption of a

56 MPa, 

harshest 

cartilage 

 friction 

sipative 

aluronan 

y higher 

ng. The 

ay be a 

into the 

ence of 

s coated 
an outer 



45 
 

DPPC bilayers are able to provide very favourable lubrication up to and even above 

the highest pressures encountered in the synovial joint. This is due to the strongly 

repulsive hydration/protrusion forces that act between these layers and stabilize a 

thin aqueous layer that is easily sheared. Equally good lubrication properties are 

obtained when hyaluronan is adsorbed to the DPPC bilayers, even though the load 

bearing capacity is decreased somewhat. One may speculate that the synergistic 

effect of hyaluronan and phospholipids observed in vivo is due to that the presence 

of hyaluronan allows a large reservoir of phospholipids to accumulate at the cartilage 

surface in form of hyaluronan/phospholipid self-assembly structures.  
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4 Summary and concluding remarks 

Through this work, I have fabricated and characterized two kinds of multilayer surface 

coatings: A cross-linked nanogel of chitosan and poly(acrylic acid) and a composite 

bio-lubricant of DPPC and hyaluronan. The Layer-by-Layer self-assembly method 

has been widely used in polyelectrolyte multilayer preparation, and this work has 

extended the method to phospholipid and polyelectrolyte multilayers in order to mimic 

natural self-assembled lubricant structures found in the synovial joint.  

 

The build-up of polyelectrolyte multilayers of chitosan and low molecular weight PAA 

has been followed in situ. (Paper I) The first chitosan layer is successfully grafted to 

the silica substrate in order to increase the stability of the nanogel and prevent the 

detachment from the surface. The multilayer film displays two linear growth regimes, 

with the growth rate increasing after about 9 depositions, when large aggregates 

appear and full screening of the negative charges of the underlying silica substrate is 

achieved. The non-linear growth behavior is caused by a combination of volumetric 

expansion (i.e. non-uniform growth over the surface area), including island growth, 

and diffusion of particularly PAA in and out of the multilayer. Target factor analysis 

has, for the first time, been employed in the analysis of polyelectrolyte multilayer 

spectra to determine the different component weights of each species. As expected, 

charge overcompensation in each deposition step is observed, consistent with the 

common notion of electrostatic forces as the main driving forces for layer-by-layer 

deposition of polyelectrolyte multilayers. Amine groups in chitosan are always 

protonated, whereas the fraction of deprotonated carboxylate groups in PAA 

increases each time when chitosan is added. The large majority of the protonated 

amine groups are compensated by carboxylate groups in PAA.  



47 
 

In paper II, two kinds of cross-linked chitosan nanogels have been prepared, and the 

composition of the nanogel depends on the cross-linking time. 24h cross-linking time 

provides a CHI/PAA multilayer nanogel with a cross-linking density of 1, whereas 

20min cross-linking time gives a CHI nanogel containing some PAA and a cross-

linking density at 0.4. The responsiveness of the low cross-linked nanogel to pH 

changes is much larger than that of the high cross-linked one. The results also show 

that CHI in the LC-nanogel has two distinctive pKa values, whereas the pKa of PAA 

is slightly lower than the value measured in bulk. 20% of the amine groups in 

chitosan have a value of pKa at 6.1, and the others (80%) have a value of 9.0. Single 

component surface grafted chitosan nanogel could be prepared if the concentration 

of glutaraldehyde solutions and cross-linking time are optimal. 

 

In paper III, normal and lateral forces between a nanogel and a silica particle have 

been investigated by using the colloidal probe-AFM technique. For the low cross-

linked nanogel, a change in pH or ionic strength is found to affect the strength and 

range of the double layer attraction, but not the friction coefficient. This suggests that 

energy dissipation within the nanogel contributes most significantly to the friction 

force. The friction force vs load curves obtained for the low cross-linked nanogel 

follows closely the predictions of Amontons’ rule, but a positive friction force at zero 

load is present. This is due to electrostatic attraction between the two oppositely 

charged surfaces. The shorter distance between cross-linking points in the HC-

nanogel results in lower friction coefficient than the value observed for the LC-

nanogel due to the stretching and release mechanism.   
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Hyaluronan and phospholipids are two important components in the synovial fluid 

that facilitate the lubrication of synovial joints. Hyaluronan and DPPC self-assemble 

in bulk and DPPC/hyaluronan multilayers can be formed at the silica-water interface 

under physiological conditions using the layer-by-layer method as reported in Paper 

IV and V. The lubricating ability of DPPC bilayers on silica surfaces is excellent, and 

the load bearing capacity exceeds the mechanical strength of cartilage. Adsorption of 

hyaluronan on the DPPC bilayer provides the same low friction coefficient (0.03), but 

the load bearing capacity is lower than for DPPC alone, albeit it is still twice as high 

as the maximum bearable mechanical strength of cartilage. Further DPPC adsorption 

reduces the friction force and increases the load bearing capacity toward the values 

found for DPPC alone. The results imply that self-assembly structures of synovial 

fluid components facilitate extraordinary lubrication.   
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