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Abstract 

The main objective of this thesis work was to gain understanding of the layer 

properties and polymer structures that were able to aid lubrication in aqueous 

media. To this end, three types of polyelectrolytes: a diblock copolymer, a 

train-of-brushes and two brush-with-anchor mucins have been utilized. Their 

lubrication ability in the boundary lubrication regime has been examined by 

Atomic Force Microscopy with colloidal probe.  

The interfacial behavior of the thermoresponsive diblock copolymer, PIPOZ60-

b-PAMPTAM17, on silica was studied in the temperature interval 25-50 ˚C. The 

main finding is that adsorption hysteresis, due to the presence of trapped states, 

is important when the adsorbed layers are in contact with a dilute polymer 

solution. The importance of trapped states was also demonstrated in the 

measured friction forces, where significantly lower friction forces, at a given 

temperature, were encountered on cooling than on the preceding heating stage, 

which was attributed to increased adsorbed amount. On the heating stage the 

friction force decreased with increasing temperature despite the worsening of 

the solvent condition, and the opposite trend was observed when using pre-

adsorbed layers (constant adsorbed amount) as a consequence of increased 

segment-segment attraction. 

The second part of the studies was devoted to the interfacial properties of 

mucins on PMMA. The strong affinity provided by the anchoring group of C-

PSLex and C-P55 together with their more extended layer structure contribute 

to the superior lubrication of PMMA compared to BSM up to pressures of 8-9 

MPa. This is a result of minor bridging and lateral motion of molecules along 

the surface during shearing. We further studied the influence of glycosylation 

on interfacial properties of mucin by utilizing the highly purified mucins, C-

P55 and C-PSLex. Our data suggest that the longer and more branched 

carbohydrate side chains on C-PSLex provide lower interpenetration and better 

hydration lubrication at low loads compared to the shorter carbohydrate chains 

on C-P55. However, the longer carbohydrates appear to counteract 

disentanglement less efficiently, giving rise to a higher friction force at high 

loads.
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Sammanfattning 

 
Huvudsyftet med det här avhandlingsarbetet var att erhålla förståelse för hur 

adsorberade skikts egenskaper och polymerstrukturer kan smörja ytor i 

vattenmiljö. För detta ändamål utnyttjades tre typer av polyelektrolyter: en 

diblock sampolymer, en ”train-of-brushes” och två ”brush-with-anchor” 

muciner. Deras smörjande förmåga vid gränsskiktssmörjning undersöktes med 

atomkraftsmikroskop med användande av en kolloidal partikel. 

Gränsskiktsegenskaperna för den termoresponsiva diblock sampolymeren 

PIPOZ60-b-PAMPTAM17, på kiseldioxidytor studerades i temperaturintervallet 

25-50 ˚C. Ett huvudresultat var att det förekommer en adsorption hysteres på 

grund av låsta adsorptionstillstånd när det adsorberade skiktet är i kontakt med 

en utspädd polymerlösning. Vikten av icke-jämviktstillstånd visades tydligt vid 

friktionsmätningar där, vid en given temperatur, en lägre friktion uppmättes vid 

nedkylning jämfört med under föregående upphettning, vilket beror på högre 

adsorberad mängd under nedkylningsprocessen. Under upphettningssteget 

minskade fiktionen med ökande temperatur trots att lösningsmedelskvalitén 

blir sämre. Det orsakas av den ökande adsorption med ökande temperatur. 

Motsatt effekt, ökande friktion med ökande temperatur, observerades för 

föradsorberade skikt (konstant adsorberad mängd) på grund av ökande 

segment-segment attraktion.  

Den andra delen av studierna ägnades åt muciners gränsskiktsegenskaper på 

polymetylmetakrylat (PMMA) ytor. Den starka affiniteten mellan 

förankringsdelen av mucinerna C-PSLex och C-P55, tillsammans med deras 

mer utsträckta skikt bidrar till deras bättre smörjegenskaper på PMMA jämfört 

med BSM upp till pålagda tryck av 8-9 MPa, vilket beror på minimala bidrag 

från bryggbildningskrafter och skjuv-inducerad rörelse längs ytan. Vi 

undersökte också påverkan av glycosyleringen genom att utnyttja de väl 

karakteriserade mucinerna C-P55 och C-PSLex. Våra data visar att de längre 

och mer förgrenade kolhydratkedjorna hos C-PSLex ger lägre interpenetration 

av skikten och mer hydratisering vid låga tryck jämfört med de kortare 

kolhydratkedjorna hos C-P55. De längre sidokedjorna ökar dock intrasslingen, 

vilket ger upphov till högre friktion vid högre tryck.  

Keywords: Smörjning, gränsskiktssmörjning, friktion, ytkrafter, adsorption, 

adsorption hysteres, icke-jämviktstillstånd, diblock sampolymer, 

polyelektrolyt, termoresponsivitet, mucin, QCM-D, ellipsometri, AFM. 
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Summary of papers 

This section summarizes the five publications included in this thesis. The first 

three papers are devoted to the adsorption and interfacial behavior of a 

thermoresponsive diblock copolymer at the aqueous/silica interface, 

generically referred to as PIPOZ60-b-PAMPTAM17, where the PAMPTAM 

block carries permanent positive charges and the PIPOZ block has 

thermoresponsive properties. The general theme of the first three papers is the 

temperature-dependent interfacial properties of the adsorbed polymer layers 

under different solution conditions. 

In Paper I, the adsorption of PIPOZ60-b-PAMPTAM17 was studied as a 

function of polymer concentration by QCM-D and also as a function of pH and 

temperature by both QCM-D and ellipsometry across 0.1 mM NaCl solution 

with the presence of polymer. The results show that the cationic block has a 

high affinity to the negatively charged silica surface. To investigate the affinity 

of the PIPOZ block, control experiments were performed to measure the 

adsorption of the PIPOZ homopolymer on silica at different pH values. By 

comparing the adsorption of both polymers at different pH, we conclude that 

the two blocks are more segregated in the adsorbed layer at higher pH, so a 

picture of the cationic block accumulating at the interface and the PIPOZ block 

protruding to the bulk can be expected at pH 9. The temperature-dependent 

adsorption was performed at pH 9 in the temperature interval 25-45 °C. A clear 

hysteresis in layer properties was observed when the temperature was cycled. 

The surface excess increases with increasing temperature and a fraction of the 

polymer chains adsorbed on the surface stay upon cooling, resulting in an 

adsorption hysteresis. The adsorption hysteresis was also observed in the 

QCM-D results, but the sensed mass decreases at elevated temperature due to 

dehydration and increases upon cooling as a result of rehydration. This 

provides evidence of the predominance of trapped states that are slow to relax 

towards the equilibrium state.  

The importance of the trapped states was further studied in Paper III with the 

AFM colloidal probe technique. The surface and friction forces between silica 

surfaces across aqueous PIPOZ60-b-PAMPTAM17 solutions were measured at 

different temperatures. The results also demonstrate temperature and 

temperature history dependence. The surface forces change from purely 

repulsive at low temperatures, < 40 °C, to the appearance of a local force 
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minimum at higher temperatures due to the worsening of the solvent quality. A 

strong attractive force appears as the temperature approached the phase 

transition temperature due to the formation of a capillary condensate of a 

polymer-rich phase. During the heating stage the friction forces decrease with 

increasing temperature despite the worsening of the solvent condition. This is a 

result of the increased adsorption, which can counteract chain interpenetration. 

Upon cooling, the friction forces decrease since the adsorbed layer became 

rehydrated, and they are significantly lower than in the preceding heating 

stage, which is due to the higher polymer chain density on the surface after 

heating.  

Paper II deals with the interactions between preadsorbed PIPOZ60-b-

PAMPTAM17 layers across polymer-free 0.1 mM NaCl solutions. In this 

situation, the adsorbed polymer chain density is expected to change marginally 

due to the high affinity of the cationic block toward the surface. We explored 

how a change in solvent condition affected interactions between such adsorbed 

layers. To gain further insight, self-consistent lattice mean-field theory was 

utilized to follow the polymer segment density distributions and to calculate 

surface force curves at different temperatures. The experimental results are in 

good agreement with the modelling results. With increasing temperature, an 

attraction develops between the adsorbed PIPOZ layers. In addition, the 

segment density profile and the degree of chain interpenetration under a given 

load between such layers rise significantly, as predicted by the modelling. 

Consequently, the friction forces increase as a result of both chain 

interpenetration and the worsening of the solvent condition with increasing 

temperature up to 45 °C. However, the friction force at 50 °C is lower than that 

at 45 °C, which we suggest is due to the tendency of crystallization of the 

PIPOZ chains. 

The last two papers concern the interfacial properties of mucins. Mucins coat 

almost all wet surfaces in the mammalian body and they are very important 

glycoprotein constituents of the tear fluid and the ocular surface. We focused 

on the lubrication ability of two recombinant mucin type glycoproteins, 

denoted as PSGL-1/mIgG2b, on PMMA surfaces, a material commonly used in 

rigid gas permeable contact lenses.  
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In Paper IV, we studied the adsorption of one recombinant mucin, C-PSLex, 

and compared it with the commercially available BSM by using QCM-D. We 

further elucidated the consequences of the adsorption in terms of lubrication 

properties of the mucin-coated PMMA, utilizing the AFM colloidal probe 

technique. C-PSLex, with a brush-with-anchor structure, has a much higher 

sensed mass than BSM. In addition, the anchor block, IgG-Fc, provides high 

surface affinity. Consequently, the recombinant mucin provides superior 

boundary lubrication on PMMA compared to BSM up to pressures in the 8-9 

MPa regime as a result of minor bridging and lack of lateral motion of 

molecules along the surface during shearing. Our results resulted in a patent 

with the company Recopharma “Glycosylated mucin-immunoglobulin 

fusion protein coated device.” Patent No. WO14135984A2. 

In Paper V we further studied the influence of glycosylation on interfacial 

properties of mucin. Here we utilized the highly purified mucins, C-P55 and 

C-PSLex, with controlled structural differences and similarities. This includes 

the same peptide backbone and very similar anchoring group, but different 

oligosaccharide side chains. This is unique, since it is difficult to discuss the 

structure-property relations of mucins in detail due to lack of thorough 

knowledge of the glycosylation and the presence of impurity in commercial 

mucins, both of which affect their interfacial properties. The results show that 

the glycosylation composition, including sialic acid content and 

oligosaccharide chain length, affects the interfacial properties of these two 

recombinant mucins. Although the mass determined by QCM-D is similar for 

the two mucins, the friction force-load curves obtained by using the AFM 

colloidal probe technique show obvious differences. The friction force 

generated between C-P55-coated PMMA is higher than that between C-PSLex-

coated PMMA at low loads but lower at high loads. We suggest that the longer 

and more branched carbohydrate side chains on C-PSLex provide lower 

interpenetration and better hydration lubrication at low loads compared to the 

shorter sugar chains on C-P55. However, the longer carbohydrate side chains 

appear to counteract disentanglement, giving rise to a higher friction force at 

high loads. 
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1. Introduction 

Oil-based lubricants have been widely utilized to reduce wear and friction in 

many engineering systems due to their excellent ability of reducing friction in 

mechanical systems.
1
 However, pollutants and harmful contaminants generated 

by using oil-based lubricants make it desirable to search for alternative green 

lubricants that are renewable and environmentally friendly.
1
 Consequently, 

water-based lubricants have attracted significant attention over the last decade, 

being inspired by nature’s way to lubricate, such as synovial joint lubrication, 

ocular and oral lubrications, which are exclusively achieved in aqueous 

media.
2
 However, water on its own is a poor lubricant because of its low 

viscosity.
3
 The poor lubricity of water can be overcome by the presence of 

biological lubricants in the mammalian body, such as glycoproteins, which 

consist of a protein backbone and large number of carbohydrate side chains.
4
 

For example, lubricin, showing a bottle-brush architecture, plays a key role in 

the articular cartilage lubrication.
5, 6

 Another natural example is mucin, 

glycoprotein with a high content of carbohydrates including sialic acid, which 

widely exists on all wet mammalian surfaces.
7-9

 Attempts have been made to 

understand the mechanism of biolubrication at the molecular scale. It has been 

suggested that charges, hydrophilicity, and hydrogen bonding as well as the 

bottle-brush structure all play significant roles in the behavior of natural 

lubricant molecules.
10-12

  

How can we mimic the natural lubrication mechanism? It seems decisive to 

design and fabricate synthetic waterborne films with brush structure. To this 

end, two types of polyelectrolytes with distinct structural differences: a diblock 

copolymer and two brush-with-anchor recombinant mucins have been utilized 

in this thesis work. Their lubrication ability in the boundary lubrication regime 

has been examined at aqueous/solid interfaces.  

Diblock copolymers have been widely applied to form physisorbed polymer 

layers at liquid/solid interfaces because this type of polymers can adsorb 

strongly via the anchoring block (the block which prefers to adsorb to the 

substrate) with the buoy block (the other block which does not adsorb to the 

substrate) extending towards the bulk solution, forming a brush layer at high 

grafting density. In addition, temperature-responsive surfaces have become 

increasingly important for the development of smart devices, particularly for 

biomedical applications, including drug delivery
13

 and cell sheet engineering.
14
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Herein, a thermoresponsive diblock copolymer was employed in this thesis 

work, which consists of a thermoresponsive block of poly(2-isopropyl-2-

oxazoline) (PIPOZ) and a permanently charged cationic block. PIPOZ (Figure 

1), one of the poly(2-oxazoline) derivatives, was first reported to be 

thermoresponsive in 1992;
15

 and it has become the most studied poly(2-

oxazoline) derivative.
16, 17

 It is necessary to point out that the monomer unit of 

PIPOZ is a structural isomer of the repeat unit of poly(N-isopropylacrylamide 

(PNIPAM) (Figure 1), and surfaces bearing PNIPAM chains have been widely 

investigated
18-21

 for their temperature-dependent surface properties. However, 

there are only a few studies
22-24

 concerned with the properties of PIPOZ on 

surfaces.  

 

Figure 1. Chemical structure of poly(2-isopropyl-2-oxazoline) (PIPOZ) and 

poly(N-isopropylacrylamide (PNIPAM). 

In our study, the PIPOZ block was tethered to the silica surfaces via 

electrostatic forces. We investigated how the interfacial properties of the 

adsorbed layers, the surface and friction forces between adsorbed polymer 

layers were affected by temperature variation with and without the presence of 

polymer in the bulk solution. Though not being part of the original objectives 

of this PhD-project, we also investigated non-equilibrium effects in the area of 

surface forces and friction. Non-equilibrium states in polyelectrolyte 

adsorption have long been recognized and studied.
25

 There are some reports 

stressing non-equilibrium effects in mixed solutions of polymers and 

surfactants, where order of addition effects have been investigated and 

described in some detail.
26-30

 However, the effect of trapped states on surface 

forces has only been noted in a few cases.
31, 32

 The limited scientific focus on 

trapped states is unfortunate since such states are common in rapid industrial 

processes and they also constitute a formidable challenge in formulation 

science. Our investigations revealed some interesting results, which are 

included in this thesis.  
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Mucins are biocompatible and they can adsorb onto many surfaces, rendering 

the substrate hydrophilic and lubricative, which make them an obvious 

candidate for research, as either a biocompatible surface coating or as a model 

for biomimetic synthetic polymers. Herein, we studied their ability to lubricate 

the poly(methylmethacrylate) PMMA surface, which has been commonly used 

in rigid gas permeable contact lenses. The mucins employed in this thesis work 

include commercially available bovine submaxillary mucin (BSM) and two 

recombinant mucins, C-PSLex and C-P55. We discussed their large differences 

in interfacial properties (BSM and C-PSLex) in relation to their structural 

differences. Specifically, BSM has a train-of-brushes structure, while C-PSLex 

has a brush-with-anchor structure (Figure 2). Furthermore, we explored how 

the molecular differences affected the interfacial properties of those two 

recombinant mucins, C-P55 and C-PSLex. To be specific, they have similar 

anchoring group and the same peptide backbone, but different oligosaccharide 

chain length and sialic acid content.  

 

Figure 2. Schematic illustration of train-of-brushes and brush-with-anchor 

structures. 

The two systems studied in this thesis work, the mucins and the 

thermoresponsive diblock copolymer, seem very different from each other, 

e.g., the driving forces for adsorption, structure of the adsorbed layers, 

interactions between these adsorbed layers and etc. However, they share one 

common feature: both the PIPOZ-diblock copolymer and the recombinant 

mucins adsorb to the substrates with one block, while the other block extends 

away from the interfaces. By comparing the lubrication properties of these 

adsorbed polymer layers, one can draw conclusions about what layer 

properties and polymer structures that are able to facilitate lubrication. Thus, 
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the results provide understanding of the molecular mechanisms that cause 

energy dissipation and thus friction as polymer-coated surfaces slide past each 

other in aqueous solution. Hence, this thesis work is of relevance for 

development of efficient water-based lubrication systems, for example, 

coatings on contact lenses, artificial tear fluid and biomedical devices. Water-

based lubrication has already been applied in the personal care and food 

industries, and further industrial applications could have a significant positive 

impact on the environment.  
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2. Background 

In this section I will discuss some main types of forces encountered in the 

investigated systems and describe the general features of these forces. In the 

end I summarize how these forces affect the friction force between two sliding 

surfaces and what criteria should be met in order to obtain good lubrication.  

2.1. Surface forces  

2.1.1. Electrical double-layer and van der Waalz forces (DLVO-theory) 

As described by the classical DLVO-theory, the interactions between two 

identical particles/surfaces close to each other in a polar medium are 

predominantly governed by the van der Waalz force and the electrostatic 

double-layer force. The DLVO-theory was named after Derjaguin, Landau, 

Verwey and Oveerbeek,
33, 34

 and considers that the total free energy of 

interaction (W) between colloidal particles/charged surfaces is described as in 

equation 2.1: 

WDLVO = WEDL + WvdW                               (2.1) 

The DLVO-theory is often employed to explain colloidal stability in aqueous 

media. Since both the double-layer force and the van der Waalz force are well 

understood, I will not describe them here in any detail, but readers can refer to 

these references for more information.
35-37

 Herein I would like to highlight 

some facts that are of exceptional importance for understanding the behavior 

of the systems studied in this thesis.  

A double-layer force arises when two charged surfaces immersed in an 

electrolyte are brought sufficiently close to each other that the diffuse ionic 

clouds begin to overlap. The ion concentration in the gap between these two 

surfaces increases with decreasing separation, giving rise to an osmotic 

repulsion, which is also called a double-layer force. The origin of the double-

layer force is thus entropic, as the confinement of the counterions to the 

surface in the gap restricts their movement. At large separation, the repulsion 

decays exponentially as given by:
37

 

WEDL = 𝐶𝑒−𝜅𝐷                                           (2.2) 
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where the D is the separation between the two surfaces, and C is a constant 

related to the surface charge density.  is defined in Eq. 2.3. 

It is important to realize that the surface with the associated diffuse ionic cloud 

is electroneutral, so there is no Coulomb interaction between the surfaces at 

any separation. The double-layer force between two identical surfaces is 

always repulsive, but it may be attractive between unlike surfaces. The 

Poisson-Boltzmann (PB) model is commonly used to evaluate the double-layer 

force.
38

 It is a mean field model, in which the concentration of the ions only 

depends on the distance from the surface whereas ion-ion correlations are 

neglected. In addition, in this model the medium is only described by its 

dielectric constant and its molecular nature is not considered. Another 

approximation in this model is that the sizes of the ions are also neglected. 

Despite of all the approximations the decay length of the double-layer force for 

monovalent electrolytes is well described by the PB model.
39

 In this thesis 

work, the double-layer force was calculated using the PB model by a computer 

program developed by others. When performing the calculations two boundary 

conditions can be assumed: i) the surface charge density is constant as the two 

surfaces approach each other; or ii) the surface potential is constant with 

varying separation. Detailed information has been published elsewhere.
40-42

 

The measured force curves between PIPOZ-diblock layers (in Paper II and 

III) lie in between the force curves calculated by these two boundary 

conditions at large separation where the double layer force dominates the 

interaction. This means that the surface charge density decreases and the 

surface potential increases as the separation decreases. In addition, the double-

layer force decays exponentially at large surface separation. The decay length 

equals the Debye-length. Both the double-layer force and the Debye-length 

decrease with increasing ionic strength and the valence of the ions present. The 

Debye-length, κ
-1

, can be calculated by:
36

 

κ
 -1

 = √
𝑘𝐵𝑇 0 𝑟

𝑒2 ∑ 𝜌𝑖𝑧𝑖
2                                               (2.3) 

where  𝑘𝐵  is the Boltzmann’s constant, e is the electronic charge, 𝜌𝑖  is the 

number density of ion species i and zi is the valence, T is the absolute 

temperature, ε0 and εr are the permittivity of vacuum and the relative dielectric 

constant of the medium, respectively. If the electrolyte is monovalent, such as 
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NaCl and KCl, and the solvent is water, at 298 K Eq. 2.3 can be simplified 

as:
36

 

κ
 -1

 ≈  
0.304

√𝑐
                                                     (2.4) 

where c is the salt concentration expressed in mol L
-1

 and κ
 -1

 expressed in nm. 

In Paper II and III, the ionic strength was set as 0.1 mM using NaCl, 

therefore, the theoretical Debye-length should be around 30 nm based on Eq. 

2.4. In contrast, in Paper IV and V 155 mM NaCl solution was used to mimic 

the physiological condition; and such high ionic strength results in a very short 

range Debye-length, 0.8 nm, and thus the double-layer force will also be short-

ranged. 

The van der Waalz forces stem from interactions between fluctuating 

electromagnetic waves (originating from permanent and induced dipoles) 

extending from the surfaces of any material. The theoretical treatment of these 

forces is complex, but the Lifshitz theory provided a way to calculate the van 

der Waalz forces.
43

 To be more specific, this theory provided an easy way to 

calculate the Hamaker constant, A (from frequency dependent dielectric 

functions), that describes the van der Waals interactions between two 

interacting bodies across a medium.
35

 Thus, the free energy of interaction 

between a flat surface and a sphere, which is my experimental geometry, is 

given by:
35

 

W(vdW) = - 
𝐴𝑅

6𝐷
                                          (2.5) 

where R is the radius of the sphere and D is the distance between the surface 

and the sphere. The typical value of the non-retarded Hamaker constant for 

silica in water is 0.5×10
-21

J.
44

 We note that the van der Waalz force is always 

attractive between two identical surfaces and it can be repulsive between 

unlike surfaces. In contrast to the double-layer force, the van der Waalz force 

has a weak salt-dependence. The van der Waalz forces are negligible compared 

to the other forces encountered in the two studied systems in this thesis. 

2.1.2. Forces resulting from polymers or polyelectrolytes 

It is noted that DLVO-forces become less important for polymer-coated 

surfaces. In fact, the forces generated between polymer-coated surfaces are 

complex since they depend on many factors, such as the adsorbed layer 
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conformation, the surface coverage, the interaction between the polymer chain 

and the surface as well as the quality of the solvent for the polymer.
45

 These 

forces can be repulsive and attractive. In this section, polymer induced steric 

forces and bridging forces are discussed. 

Steric force  
When uncharged polymer-coated surfaces approach each other in a good 

solvent they will firstly experience a repulsive force at large separation, which 

mainly arises from the osmotic pressure arising from the increased segment 

density difference at the midpoint between the surfaces and the bulk solution. 

As the surfaces come closer, a repulsive force resulting from the unfavorable 

configurational entropy of confining these dangling chains between the 

surfaces will eventually dominate. These repulsive forces are usually referred 

to as steric or overlap repulsion.
45

 The steric force is always repulsive in a 

good or theta solvent. However, the repulsive force in a good solvent may 

become attractive in a poor solvent at large separation,
46

 as a consequence of 

the attractive segment-segment interaction, which in my thesis work was 

observed when exploring the interactions between PIPOZ-diblock copolymer 

layers in Paper II and III. However, the force remains repulsive at short 

separation due to the reduction of conformational entropy of the polymer 

chains. The steric force plays an important role in many natural and practical 

systems, where polymer additives are added to colloidal particle suspensions to 

stabilize colloids from coagulation. The range and magnitude of the steric 

force strongly depends on the adsorbed polymer conformation. If the adsorbed 

chains adopt a ‘mushroom’ structure as a result of low surface coverage (s > 

Rg, s is the average distance between two adsorption sites and Rg is the radius 

of gyration of the polymer), then there is no overlap or entanglement between 

neighboring chains. In this case, the repulsive force decays roughly 

exponentially from a distance of about D = 8Rg to D = 2Rg.
45

 If the surface 

coverage is sufficiently high (s < Rg), the adsorbed polymer chains will be 

forced to extend away from the surface in a good solvent, resulting in a ‘brush’ 

structure. The most famous relation describing the interactions between brush-

coated surfaces in a good solvent is the Alexander-deGennes relation.
47, 48
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According to the Alexander-deGennes relation, the repulsive pressure between 

two opposing brush layers on two flat surfaces closer than 2L from each other 

is given by:
48

 

𝑃(𝐷)  ≈  
𝑘𝐵𝑇

𝑠3 ((
2𝐿

𝐷
)

9

4
− (

𝐷

2𝐿
)

3

4)  for D < 2L                                 (2.6) 

where, D and L are the surface separation and the brush thickness, 

respectively. In this equation, the repulsive pressure is determined by two 

terms: i ) the osmotic repulsion between the polymer chains, which increases 

with decreasing D; ii) the elastic stretch energy of the chains, which decreases 

with increasing D. It has been shown that this equation is consistent with much 

experimental data.
49-51

 

Diblock copolymers have been extensively employed to produce mushroom or 

brush layers.
52, 53

 The most notable feature of a diblock copolymer is that one 

block binds strongly to the surface, while the other protrudes into the solvent 

to form the diffuse polymer layer. In this thesis, a PIPOZ-diblock copolymer 

was utilized to form a polymer layer on silica. The polymer chains adsorbed at 

pH 9 in 0.1 mM NaCl solution were only slightly stretched, resulting in a 

mushroom-like structure, and the measured long-range repulsive force was 

dominated by a double-layer force. At short separation, the steric force comes 

from compressing the polymer layer. Another method to prepare a brush layer 

is by using bottle-brush polymers.
54, 55

 In Paper IV and V, two brush-with-

anchor mucins and a train-of-brushes mucin were adsorbed onto PMMA, 

giving rise to a brush-like surface structure. At large separation, the measured 

steric forces between mucin-coated PMMA decay exponentially with 

decreasing separation. One important advantage of this brush layer structure is 

that it can counteract chain interpenetration from the two opposing surfaces, 

which is very important to reduce the friction forces. The brush structure 

formed by the brush-with-anchor mucins was shown to give better lubrication 

than that of the train-of-brushes mucin, partly due to reduction of bridging 

forces, which are discussed in the following paragraph.  

Bridging force 

Bridging is a phenomenon when a polymer chain is attached to two opposing 

interfaces at the same time. This usually happens when these two surfaces have 

low surface coverage and are sufficiently close to each other. Upon separation 
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the polymer chain that is attached onto both interfaces does not detach before it 

is stretched, leading to an attractive force at relatively large separation, which 

is also referred to as a bridging force.
56

 When the two opposing surfaces are 

close to each other, the polymer can adopt more conformations allowing many 

segments to be attached to the surfaces, resulting in a low free energy state due 

to increase in the entropy. Thus, the bridging force is of entropic origin.
57

 

However, for polyelectrolytes, the development of bridging forces does not 

require the attachment of two ends of the polyelectrolyte onto the opposing 

surfaces. This is because electrostatic forces are long-ranged, so the segments 

of the polyelectrolyte do not need to be attached to the surface to be attracted 

to it. The mechanism of polyelectrolyte induced bridging was first analyzed by 

Åkesson et al. using Monte Carlo simulations.
58

 In their interpretation, a bond 

that crosses the midplane between the surfaces and a polymer chain with 

segments on both sides of the midplane are able to giving rise to a bridging 

force. Although both the recombinant C-PSLex and C-P55 are polyelectrolytes 

with the charged domains protruding to the bulk, there was hardly any bridging 

force detected in those systems as shown in Paper V. The reason is that the 

mucin domain does not have any affinity to the non-polar PMMA, which 

brings out another important factor affecting the bridging force: the interaction 

between the segment and the surface. Attractive segment-surface interaction 

leads to various segment concentration profiles; however, repulsive segment-

surface interaction results in no bridging force.
59

 A bridging force was obtained 

in Paper IV between BSM-coated PMMA as a consequence of low surface 

coverage and the attractive segment-surface interaction between the 

hydrophobic domains of BSM and the PMMA.  

2.1.3. Hydration and hydration force 

Water molecules can bind and surround hydrophilic groups in aqueous media, 

forming a water layer or shell, which is usually referred to as hydration water. 

The overlap of hydration shells may be strongly resisted, resulting in hydration 

repulsion between hydrated groups or surfaces. Thus, hydrated groups between 

sliding surfaces can sustain a large normal load due to the reluctance of the 

hydration water to be squeezed out. In addition, the water molecules in the 

shells exchange with water in the surrounding solution very rapidly (for 

example, an exchange time of approximately 10
-9

 s for Na
+
 or K

+
) leading to 

rapid relaxation of the layer and a fluid-like behavior under shear.
60

 The 
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difficulty of squeezing out the hydration water molecules and the fluid 

response of the hydration layer to shear result in efficient lubrication between 

hydrophilic layers.
12

  

A hydration force may also come into play when surfaces coated with 

hydrophilic groups, such as charged or polar macromolecules, surfactants or 

lipids, or surfaces that strongly bind water molecules to them, e.g. mica and 

silica,
61, 62

 are confined or compressed across a solution of high ionic strength 

when double-layer forces are suppressed.
63

 It has been measured across soap 

films composed of surfactant monolayers, between uncharged bilayers 

composed of lipids and also between biological membranes.
64, 65

 This force 

depends on the hydration number of the cations adsorbed on the surface, 

increasing in range and strength with (Mg
2+

>Li
+
~ Na

+
>K

+
).

66
 The measured 

hydration forces were reported to be monotonically repulsive, roughly 

exponentially decaying and with a range of 1-3 nm between hydrophilic 

surfaces.
67

  

It has been reported that the hydration shells around proteins are typically 2-3 

water molecular diameters thick (4-8 Å).
68

 Since mucins belong to the large 

protein family, hydration repulsion is also expected to contribute to the 

strongly repulsive forces measured between mucin-coated PMMA in Paper IV 

and V, which in this case should be further enhanced by the highly 

glycosylated region of mucin and the charges in the mucin domains.  

For non-polar solute, hydrogen bonds cannot be formed between water and 

solutes (hydrocarbon). In order to maximize the number of hydrogen bonds per 

water molecules a dynamic cage or a clathrate of water molecules is usually 

formed around the solute. This is true for the PIPOZ-diblock copolymer, where 

clathrate-like structures are preferred around nonpolar groups and direct 

hydrogen bonds and favorable dipolar interactions exist between polar groups 

and water. However, the ionic strength was low (0.1 mM NaCl) in my 

experiments, so the measured repulsion between PIPOZ-diblock copolymer 

layers at low temperature was dominated by the double-layer force as 

described in Paper II and III. 

2.1.4. Capillary force 

A capillary force is a long-range attractive force due to capillary condensation, 

which can be observed in confinement between surfaces where phase 

separation occurs, such as oil dissolved in water 
69, 70

and colloidal particle 
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aggregation in mixed solvents.
71, 72

 The observation of a strong long-range 

attractive force due to a capillary-induced phase separation caused by polymer 

incompatibility was simultaneously reported for the first time in 1998 by 

Wennerström et al. (system of mixed aqueous semidilute solutions of dextran 

and poly(ethylene oxide)) and Freyssingeas et al. (system of semidilute 

aqueous solutions of ethyl(hydroxyethyl)cellulose).
72, 73

 The force obtained in 

these systems was very long-ranged, of the order of 100 nm or larger. In Paper 

III, we also encountered strong and long-range attractive forces that develop 

between PIPOZ-diblock coated silica surfaces as the temperature approaches 

the lower critical solution temperature (LCST), which we ascribed to capillary 

forces. In this case, the capillary condensation of a polymer-rich phase 

between the surfaces occurred, which is supported by our previous finding in 

Paper I. The observation that capillary condensation occurs just below the 

phase transition temperature is consistent with a theoretical work by Linse and 

Wennerström, in which they consider the adsorption of colloidal particles on a 

planar surface using a thermodynamic chemical equilibrium model and Monte 

Carlo simulations.
74

 In fact, capillary-induced phase separation constitutes a 

new destabilization mechanism to the diverse field of polymer-mediated forces 

between colloidal objects.
75, 76

 In addition, it greatly affects the interfacial 

properties of the polymer coated surfaces; therefore, I think it is necessary to 

add a few more words about this capillary condensation phenomenon than is 

done in Paper III. The driving force for this capillary condensation is the 

formation of a new ‘capillary’ phase of lower interfacial free energy against the 

surface than the solution (reservoir) phase.
37

 The free energy of the capillary 

phase decreases as the surface separation is reduced resulting from a reduction 

of the interfacial area between capillary condensate and solution and an 

increase in capillary/solid interfacial area. When the decrease in interfacial 

energy is larger than the increase in bulk free energy of the capillary phase, 

phase separation occurs. The capillary-induced phase separation gives rise to 

an attractive force due to the changes in interfacial area mentioned above. 
75, 77

  

2.2.  Friction forces 

Friction occurs wherever two contacting surfaces are in relative motion and the 

forces between these two surfaces that hinder the relative motion are referred 

to as friction forces. High friction forces are desirable in situations such as 
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braking a running car and walking on slippery floor; whereas low friction 

forces are needed in many systems, e.g., moving joints, skating and sliding. In 

many practical applications it is extremely important to control and manipulate 

friction forces. Sometimes this can be done by employing liquid films between 

the sliding surfaces, so the repulsive short-range hydration, double-layer, or 

steric forces between these films can reduce the friction forces. In this thesis 

work, I studied the friction forces between polymer-coated surfaces across 

aqueous solutions and investigated the energy dissipation mechanisms in 

different systems in the boundary lubrication regime according to the so-called 

Stribeck curve.
78

 In the boundary lubrication regime the friction is affected by 

the surface properties, including adsorbed layers and their intermolecular 

interactions.  

To be able to achieve the desirable low or high friction, it is important to study 

the fundamental of friction forces and the mechanisms that provide poor or 

good lubrication. The Amontons’ first rule, stating that the friction force, Ff, is 

proportional to the load, Fn, is often used to discuss friction forces encountered 

between macroscopic everyday surfaces and is given by: 

𝐹𝑓  = μ𝐹𝑛                                                  (2.7) 

where μ is the coefficient of friction.  

However, when there is an adhesion force in a system, which is comparable 

with the applied load, the Amontons’ first rule is no longer valid. In this 

situation, the friction force can sometimes be described by: 

𝐹𝑓 =  μ𝐹𝑛 + 𝐶(0)                                   (2.8) 

where 𝐶  is the friction force at zero applied load. The adhesion or contact 

adhesion, can be obtained from the negative apparent applied load when the 

friction force is zero.
79

 This equation is often valid for both multi-asperity 

contacts and adhesive contacts if the surface deformation is small over the 

measured range.
80, 81

 However, when studying friction forces between surfaces 

coated with polymers in a liquid media one often finds a more complex friction 

vs. load curve. In such a case, an effective, but load dependent, friction 

coefficient can be defined as:  

μeff = 
𝐹𝑓

𝐹𝑛
                                                   (2.9) 
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In Paper II to V, both μeff and 𝜇 were used to compare the values measured 

under different situations. 

2.2.1. Energy dissipation between adsorbed polymer layers 

What determines the friction force and how can one reduce it? Actually, the 

friction force required to slide a body over a surface is related to the energy 

dissipation per unit time and unit surface area as given by:
82

 

Ff  = 
𝑊𝐴𝑒𝑓𝑓

ʋ                                               (2.10) 

where W is the energy dissipated, Aeff  is the effective contact area and ʋ is the 

sliding velocity. 

Thus, it seems important to consider the main energy dissipative mechanisms 

between polymer-coated surfaces. The friction forces between polymer layers 

have been discussed in detail by Klein.
83, 84

 When two polymer-coated surfaces 

are compressed and forced to slide past each other, the friction forces could be 

reduced if the adsorbed polymer layer has a brush-like structure because such 

brushes can support a large load while maintaining a fluid interface due to 

limited mutual interpenetration. However, at very high pressure the location of 

the shear plane may change from between the polymer layers at low loads to 

the polymer-substrate interface.
85

 The shift of the shear plane with increasing 

loads leads to an increase in the interpenetration region between the opposing 

polymer layers, giving rise to higher friction.
86

 This is the main energy 

dissipation mechanism between the PIPOZ-diblock copolymer layers at high 

loads in a good solvent. In addition, breakage and reformation of polymer 

bridges between opposing surfaces at low surface coverage and breakage and 

reformation of physical attractive segment-segment ‘bonds’ in a poor solvent 

also contribute to the energy dissipation. The segment-segment interaction is 

one of the reasons for the increased friction forces measured between the 

PIPOZ-diblock copolymers at elevated temperature as discussed in Paper II 

and III. A fourth energy dissipative process arises from lateral motion of the 

adsorbed polymer along the surface due to the action of shearing and weak 

anchoring strength between surface and polymer. This likely contributed to the 

higher friction forces measured between the BSM-coated PMMA compared to 

that of the C-PSLex-coated PMMA, as shown in Paper IV.  
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2.3.  Boundary lubrication of polymer thin films  

When two surfaces are separated by a liquid thin film, the repulsive forces 

between them, such as double-layer, hydration and steric forces prevent the 

surfaces from directly contacting each other. Hence, the film protects the 

opposing surfaces from becoming damaged and reduces the friction force. An 

efficient lubricating film should be able to withstand a high applied load, i.e. 

having a high load bearing capacity, so it cannot be squeezed out or removed 

under shearing. Herein I would like to give some examples of good lubricants 

and explain why they have good lubricity.  

Lubrication of healthy synovial joints is the most efficient lubrication system 

in aqueous media that is known, with an extremely low friction coefficient in 

the range of 0.001 to 0.01. The abundance of bottle-brush polyelectrolytes in 

the synovial fluid, such as lubricin,
10

 has inspired the design and synthesis of 

several biomimetic polymeric aqueous boundary lubricants, e.g. PMMA-b-

PSGMA,
87

 poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG)
88

 and a 

diblock copolymer (methacryloxyethyl trimethylammonium chloride)-b-

poly(ethylene oxide)45 methylether methacrylate, (METAC)m-b-

(PEO)45MEMA)n.
89

 Studies on those synthetic bottle-brush polymers have 

shown that they can provide superior lubrication between surfaces in aqueous 

media compared to some other polymers shown in the tables reported by 

Claesson et al.
89

 and Klein et al
90

, which summarized the friction coefficients 

found for a range of polymer-coated surfaces in aqueous media. The superior 

lubrication of those bottle-brush polymers should be assigned to the high 

affinity between the anchoring block and the substrate and the highly hydrated 

side chains. Another important factor is that the side chain density should be 

high enough to prevent interpenetration and bridging. The capability of bottle-

brush copolymers in lowing the friction between sliding surfaces in aqueous 

media has been elegantly described by Dedinaite.
10

 In this review article, the 

self-healing ability of the adsorbed layer has also been noted to be an 

important feature in aqueous lubrication when the layer is damaged upon shear 

and load. Self-healing can occur by adsorption from solution or surface 

diffusion, which is an advantage of physically grafted polymers. Besides 

bottle-brush structure, polymer loops have been suggested as a good 

alternative for their ability to maintain low interpenetration of polymer chains 

under normal load.
91

 Lubricin, with superior lubricity, is also suggested to 
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adopt the loop conformation.
5, 92

 A multiblock polymer of an architecture 

mimicking the lubricin has been reported to provide extremely low frictional 

forces with a friction coefficient as low as ~ 10
-3

 in water at a normal pressure 

of 2.1 MPa. The efficient lubrication property was ascribed to the loop 

conformation formed on mica, which gives rise to a weak and long-range 

repulsive interaction force between the surfaces. Another triblock copolymer 

(consisting of a neutral poly(ethylene oxide) (PEO) middle block and two 

catechol-functionalized end blocks, adopted from mussel adhesive proteins) 

has also been reported to provide superior lubrication between mica surfaces 

(µ ∼0.002−0.004 up to pressures of 2-3 MPa) resulting from a loop 

conformation on surfaces.
93

  

In this thesis work, boundary lubrication at the aqueous/solid interfaces was 

investigated using adsorbed diblock copolymer layers in Paper II and III and 

adsorbed mucin layers in Paper IV and V.   
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3. Materials 

3.1. Poly(2-isopropyl-2-oxazoline) and its diblock copolymer 

Utilizing diblock copolymer to form end-grafted structure is an attractively 

simple way. The anchor block preferentially adsorbs onto the surface; and the 

other block, with less adsorption affinity, is largely excluded from the surface 

and often referred to as buoy block, giving rise to an anchor-and-bouy 

structure. In this thesis a diblock copolymer consisting of a thermoresponsive 

block and a cationic block, poly(2-isopropyl-2-oxazoline)60-b-poly(3-

acrylamidopropyl-trimethylammonium)17, abbreviated as (PIPOZ60-b-

PAMPTMA17) (Figure 3), has been utilized. It was prepared as described 

previously with a molecular weight Mn of 10.3 kDa.
94

 The cationic block, 

PAMPTMA, contains one charge per repeat unit. The number of charged units 

per copolymer (~ 17) was determined by 
1
H NMR spectroscopy.

94
 The cationic 

blocks are expected to promote the adsorption onto silica surfaces. The 

nonionic block, PIPOZ, has a Mn of 7.0 kDa with Mw/Mn = 1.06 as determined 

by GPC,
31

 corresponding to ~ 60 repeating units. The PIPOZ60 homopolymer 

was used in control experiments to study its affinity to the silica surface in 

Paper I. The size and size distribution of the diblock copolymer could not be 

determined by GPC due to irreversible adsorption of the copolymer on the 

GPC packing material.
31

 The phase transition temperature of this diblock 

copolymer in 0.1 mM NaCl at pH 9 with a concentration of 0.1 g/L (100ppm) 

is around 49 °C. Its adsorption was studied in Paper I and the surface forces 

and friction between PIPOZ60-b-PAMPTMA17 coated silica surfaces were 

reported in Paper II and III. 

 

Figure 3. Chemical structure of poly(2-isopropyl-2-oxazoline)60-b-poly(3-

acrylamidopropyl-trimethylammonium)17, abbreviated as PIPOZ60-b-

PAMPTMA17. 
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3.2. Mucins 

Mucins constitute a large family of glycoproteins with molecular weight 

ranging from 0.5 to 40 MDa.
95

 Even though mucins have various size, 

carbohydrate content, charge density and overall structure depending on their 

origin, they share common features. Generally, the mucin molecule consists of 

a highly glycosylated and hydrophilic central protein core with carbohydrate 

side chains and separated by non-/or sparsely glycosylated peptide regions (N- 

and C- terminal in some cases). The protein core, which is called apomucin, is 

made up of a variable number of tandem repeats rich in threonine-, serine-, and 

proline-, amino acid residues.
96

 Oligosaccharide moieties are attached mostly 

via the carbohydrate N-acetylgalactosamine (GalNAc) to the tandem repeats 

via the hydroxyl group of either serine or threonine.
97

 Most of the 

oligosaccharides are terminated by negatively charged groups, such as the 

carboxyl groups in sialic acid (pKa = 2.6) and sulphate groups (pKa= 1)
98

, 

rendering the overall charge of the molecule to be negative under physiological 

conditions. The oligosaccharides constitute 50 - 80% of the dry weight of 

mucin molecules.
97, 99

 The oligosaccharides are heterogeneous and present as 

short, often branched chains;
100

 and they provide strong interactions with 

water.
101

 In this thesis, BSM and recombinant mucin-type proteins, C-PSLex 

and C-P55, were employed to study their interfacial properties at the 

aqueous/PMMA interface. 

3.2.1. Bovine submaxillary mucin (BSM) 

BSM was used as received (Paper IV), so it also contains mucin-bound 

albumin, which has been noted to enhance the adsorption.
96, 102

 The structure of 

BSM is shown in Figure 4. The composition of the oligosaccharides of the 

BSM used in this thesis work was characterized by Liquid chromatography 

mass spectrometry (LC-MS). The results show that there are 18 different 

oligosaccharide chains, and the two most abundant chains are NeuAcα2-

6GalNAc and NeuGcα2-6GalNAc with a relative amount of 35% and 14%, 

respectively. The longest oligosaccharide chain has 5 sugar units and a relative 

amount of 3%. A study by AFM revealed that BSM has contour lengths 

ranging from 40 to 300 nm.
103

 In addition, it was also reported that the 

hydrodynamic diameter of BSM molecules was almost unaffected upon 
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acidification as a result of unchanged conformation when pH was lowed from 

7.4 to 2.6.
103

 

 

Figure 4. Schematic illustration of the BSM structure (not drawn to scale), 

consisting of alternating non-glycosylated protein regions (thin line) and 

heavily glycosylated regions (with side chains). The overall structure can be 

characterized as a train-of-brushes.  

3.2.2. Recombinant mucin-type protein 

The recombinant mucin-type protein, PSGL-1/mIgG2b, consisting of the 

extracellular part of P-selectin glycoprotein ligand-1 (PSGL-1) and the Fc part 

of mouse immunoglobulin (as shown in Figure 5), was produced in chinese 

hamster ovary (CHO) cells as described previously.
105

  

 

Figure 5. Schematic illustration of recombinant PSGL-1/mIgG2b structures 

(not drawn to scale). PSGL-1/mIgG2b produced as a dimer containing two 

glycosylated brush regions attached to the Fc part of mIgG (the anchor block). 

The overall structure can be characterized as a brush-with-anchor. The 

predominant O-glycan structures of recombinant mucin PSGL-mIgG2b 

produced in the CHO cell clone C-P55 and C-PSLex are listed. We note that 

the Fc part, as a dimer, contains two N-linked glycans (not shown in the 

sketch).  

PSGL-1 is a membrane-bound, mucin-type glycoprotein with an extracellular 

domain rich in serines, threonines, and prolines. It has a highly extended 
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structure; and the extracellular domain is about 50 nm long,
106

 consisting of 53 

potential O-glycosylation and 3 potential N-glycosylation sites.
107, 108

 The Fc 

part, as a dimer, has a molecular weight around 50 KDa and contains two N-

linked glycans. PSGL-1/mIgG2b is mainly expressed as a dimer when produced 

in the host cells. PSGL-1/mIgG2b produced in the cell clones C-PSLex
 
and C-

P55 are in this thesis named C-PSLex and C-P55 mucins, respectively. 

Depending on the host cells, the carbohydrate structure varies. The O-glycans 

from C-P55 studied by LC-MS shows a quite simple glycan phenotype with 

major peaks representing NeuAc2,3Galβ1,3GalNAcβ1-O-Ser/Thr (relative 

amount 54%) and NeuAc2,3Galβ1,3(NeuAc2,6)GalNAcβ1-O-Ser/Thr 

(18%), respectively. In contrast, the O-glycans released from C-PSLex are 

more complex, with two main mass spectroscopic peaks representing 

Galβ1,4GlcNAcβ1,6(NeuAc2,3Galβ1,3)GalNAcβ1-O-Ser/Thr (32%) and 

NeuAc2,3Galβ1,4GlcNAcβ1,6(NeuAc2,3Galβ1,3)GalNAcβ1-O-Ser/Thr 

(9%). As for the N-glycans, the dominant N-glycans from C-P55 are core 

fucosylated bi-antennary with one (19.7%) or two (11.8%) terminal Gal 

residues or one NeuAc residue; whereas, the dominant N-glycans from C-

PSLex are neutral with zero (16.3%), one (23.1%) and two (25.3%) terminal 

Gal residues (11.7%). For more details, please refer to Paper V. A brief 

description of the physical properties of the mucins used in this work is 

provided in Table 1.  

Table 1. Brief Description of the Physical Properties of the Mucins. 

Mucin structure Mw 

(kDa) 

Carbohydrate 

content (wt%) 

Sialic acid 

content (%) 

Source 

BSM Train-of-

brushes 

7000 61-69 11.7 Sigma 

M3895 

C-PSLex Brush-with-

anchor 

300 43104 14.1 Recopharma 

C-P55 Brush-with-

anchor 

300 43104 15.8 Recopharma 

The distinguishing features between these two mucins are that i) the C-PSLex 

mucin has longer O-glycan side chains (typically 5 or 6 carbohydrate units, 

compared to 3 or 4 units for C-P55), and ii) the O-glycans on C-PSLex are 

more heterogenerous (the carbohydrate unites vary from 3 to 8) and around 

28% of the O-glycans consist of more than 6 carbohydrate units. iii) the sialic 



   

21 

acid content of C-P55 is slightly higher than that of C-PSLex. Despite all these 

differences, they also have similarities. Both of them have brush-with-anchor 

structure with negatively charged mucin domains. In addition, they have 

similar anchoring groups, providing similar affinity to PMMA, one of the 

substrates used in my studies. 

3.3. Substrates 

The adsorption of the thermoresponsive homopolymer, PIPOZ60 and the 

diblock copolymer PIPOZ60-b-PAMPTMA17 was carried out on silica surfaces, 

in Paper I, II and III. QSX 303 quartz crystals covered with silica (oxide layer 

50 nm) (Q-sense, Västra Frölunda, Sweden) were used in all QCM-D 

measurements. Silicon wafers coated with a 33 nm silica layer (Wafer net, 

Germany) were used in ellipsometry and AFM measurements. Silica was 

chosen as the substrate in this study because it is frequently used in optical and 

electronic devices. When immersed in water, silica surfaces generally expose 

siloxane (Si-O-Si), silanol (Si-OH), and silanolate (Si-O
-
) groups. The Si-O

- 

group is due to the deprotonation of the Si-OH groups at pHs above the 

isoelectric point, which is around pH ~ 2-3.
109, 110

 The ionization of these 

groups make the silica surface negatively charged. The surfaces used in QCM-

D and AFM experiments were cleaned by first immersing them in a 2% 

Hellmanex (Hellma GmbH) solution for 30 minutes. Hellmanex has been 

designed to provide exceptional cleaning of glass and quartz substrates without 

damaging them or leaving a residue behind. The silicon wafers used in 

ellipsometry experiments were cleaned by hydrogen peroxide solutions 

according to the RCA method (developed at the RCA laboratories) by soaking 

the silica surfaces first in base solution and then in acid solution, followed by 

rinsing with water after each process.
111, 112

 The detailed description is referred 

to in Paper I. Although the cleaning procedure of the surfaces varied between 

different experimental techniques, all of them become highly negatively 

charged and hydrophilic after cleaning.  

Poly(methylmethacrylate) (PMMA) coated AT cut quartz crystals, QSX999 

(fundamental frequency of 4.95Hz, Västra Frölunda, Sweden) were employed 

as the substrates for all the QCM-D and colloidal probe AFM measurements in 

Paper IV and V. PMMA has been commonly used in rigid gas permeable 

contact lenses. The PMMA layer is spin-coated on the gold crystal surface and 
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has a thickness of around 40 nm according to the manufacturer. Prior to use the 

substrates were rinsed with water and dried with a gentle flow of nitrogen. The 

water contact angle on the PMMA surface was determined to be 68°, at 23 °C 

± 0.5 °C and humidity of 44%. The surface topography was obtained by AFM 

in tapping mode. The height image (shown in Figure 6) shows that the surface 

is quite flat, with roughness Rq
i
 and Ra

ii
 values of 0.3 nm and 0.2 nm, 

respectively. 

 

Figure 6. AFM image of a PMMA surface at a scan size of 2μm × 2μm 

captured in tapping mode in air.  

 

Figure 7. AFM images of PMMA particles captured by tapping mode in air. 

(a) Measured at a scan size of 45µm × 45µm. (b) Measured at a scan size of 

1.6µm × 1.6µm on top of one particle shown in image a. This image was 

analyzed using a 2ed order of flattening.  

                                                           
i
 The root mean square average of the profile heights over the evaluation length: R𝑞 = √

1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1 . 

ii
 The arithmetic average of the absolute values of the profile heights over the evaluation length: 

𝑅𝑎 =
1

𝑛
∑ |𝑦𝑖|𝑛

𝑖=1 . 𝑦𝑖is the height. 
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3.4. Colloidal probe 

The colloidal probes were made by attachment of spherical micrometer-sized 

particles made of silica or PMMA to the very end of the AFM cantilevers. In 

this work, silica beads of 7 µm in diameter and PMMA beads of 10 µm 

(determined by optical microscope, Duke Scientific Corp., USA) were 

attached to tipless rectangular cantilevers (CSC12, MikroMasch, Estonia) 

using a very small amount of a two-component epoxy resin (Araldite). The 

glue and spheres were applied to the cantilever by etched tungsten fibers 

attached to a micromanipulator arm, under microscopic control (Nikon, Japan). 

The cantilevers were left for at least 12 h to allow the glue to fully cure before 

experiments. The cleaning methods for each type of colloidal probe are 

described in detail in the publications attached in the end of this thesis. 

The morphology of PMMA particles and the topography of a small area on one 

particle are shown in Figure 7. The measured surface roughness of the PMMA 

particle is 5.0 nm and 4.0 nm for Rq and Ra, respectively. 
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4. Methods 

The adsorption properties of PIPOZ60-b-PAMPTMA17 at the aqueous/silica 

interface were studied using null-Ellipsometer. To gain further information 

regarding the layer structure the Quartz Crystal Microbalance with Dissipation 

(QCM-D) was also employed. QCM-D was also used to study the adsorption 

of mucins at the aqueous/PMMA interface. The surface forces and friction 

forces between these polyelectrolyte-coated surfaces were measured by 

Atomic Force Microscopy (AFM) with colloidal probe. A brief theoretical 

background concerning all these main techniques used in this thesis work is 

presented in this chapter.  

4.1. Null ellipsometry 

Ellipsometry is commonly used to characterize adsorption of polymers, 

proteins or surfactants from aqueous solutions by detecting how polarized light 

changes upon reflection against an interface. In this study, a thin film 

ellipsometer, type 43603-200E (Rudolph Research with modification by Lund 

University, Sweden) was employed in null ellipsometry mode. A typical null 

ellipsometry experimental setup is illustrated in Figure 8. A xenon arc lamp 

with a filtered wavelength of 401.5 nm was used as the light source, and the 

angle of incidence was set to 67.5°. The unpolarized light passes through a 

polarizer in order to be converted into linearly polarized light. The light then 

goes through a compensator (a quarter wave plate with an optical axes of  45 ˚ 

or -45 ˚), which gives rise to a relative phase shift between the two polarization 

directions, resulting in elliptically polarized light. This elliptically polarized 

light passes through the cuvette wall and the liquid environment before being 

reflected against the surface. A thorough description of the instrumental setup 

is provided elsewhere.
113

  

By combination of positions of polarizer and compensator, it is possible to 

produce a light with such an ellipticity that the phase shift between its 

components disappears after reflection from a sample. Hence, the resulting 

linearly polarized light can be extinguished by another polarizer, also called 

analyzer. In addition, in null ellipsometry mode the positions of the polarizer 
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and the analyzer are adjusted to get minimum intensity at the detector. This is 

why it is called null ellipsometry. 

The change in polarization is expressed as ψ (the polarization change described 

by the amplitude ratio tan ψ ) and Δ (the phase difference between the light 

oriented in the P- (parallel to the plane of incidence) and S- (perpendicular to 

the plane of incidence) directions relative to the sample surface), which 

determines the differential changes in amplitude and phase, respectively. 

During measurements, these two values are continuously measured as a 

function of time. Under null conditions, we can relate the positions of the 

polarizer (P) and the analyzer (A) to the ellipsometric angles via the following 

equations: 

ψ = A                                     (4.1) 

Δ = 2P + 90                           (4.2) 

The changes in the polarization of light depend on the optical properties of the 

substrate, the adsorbed film, and the ambient media.
114

 Thus, the obtained 

changes in ψ and Δ can be utilized to calculate the optical properties of the 

adsorbed layer by numeric iterations of these two parameters using a 

theoretical four-layer model: silicon-silica-adsorbed layer-ambient solution. To 

get accurate results, ψ and Δ were firstly measured for the clean substrate in air 

and in ambient solution, which enables calculations of the refractive index of 

the bulk silicon, and thickness and refractive index of the silica layer. These 

values were then used in the four-layer model to determine the average 

thickness d and the average refractive index n of the adsorbed film by 

following in situ the measured changes in ψ and Δ compared to those of the 

clean substrate through numeric iterations. This calculation is based on the 

assumption that all layers are homogenous and optically isotropic. A detailed 

description of these calculations can be found elsewhere.
113

 The surface excess, 

Γ, was calculated using equation (4.3), the de Feijter equation.
115

 

Γ = 𝑑𝑙
𝑛𝑙−𝑛𝑏
𝑑𝑛

𝑑𝑐⁄
                         (4.3) 

where 𝑑𝑛
𝑑𝑐 ⁄ is the refractive index increment; subscripts “l” and “b” stand for 

adsorbed layer and bulk solution, respectively.  

Here I would like to point out that the thickness measured by ellipsometry is 

the average value of the adsorbed polymer layer, it does not reflect the 
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situation that some polymer chains extend far away from the surface. In 

addition, this average value should be used with care when the surface 

coverage is low. For instance, in Paper I the thickness of the PIPOZ60 layer is 

below 1 nm at pHs > 6, which reflects the low surface coverage and not 

necessarily the extension of the PIPOZ chain normal to the surface. Another 

point I would like to address here is that the adsorbed mass obtained from 

Ellipsometry and any other optical techniques is the ‘dry’ mass, which means 

only the adsorbed polymer molecules contribute. The reason for this is that 

only materials that have different refractive index than the ambient medium 

contribute to the optical response observed.  

 

Figure 8. Schematic illustration of the experimental setup of null ellipsometry. 

4.2. Quartz crystal microbalance with dissipation (QCM-D) 

QCM-D measurements enable determination of the mass of an adsorbed layer, 

but unlike ellipsometry measurements the obtained mass also includes the 

coupled solvent within the adsorbed layer. Furthermore, this technique can also 

provide some information on the viscoelastic properties of the adsorbed layers. 

In QCM-D measurement a quartz crystal is set to oscillate at its fundamental 

resonance frequency (5 MHz for our crystals) and the oscillation frequency (f) 

and the damping (dissipation, D) of the crystal are monitored. The working 

principle of the QCM-D is shown in Figure 9. 

The dissipation is measured by switching off the driving power and monitoring 

the amplitude decay profile of the oscillator. The signal decays as an 

exponentially damped sinusoidal function with a characteristic decay time (τ). 

The decay time is related to the dissipation by Eq.4.4. A detailed description of 

the principal of operation has been published by Rodahl.
116
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D = 
2

𝜔𝜏
                                              (4.4) 

D = 
𝐸𝐷

2𝜋𝐸𝑆
                                          (4.5) 

Where 𝜔 is the angular frequency, ED is the energy dissipated and ES is the 

energy stored in one oscillation, respectively. 

 

Figure 9. Schematic illustration of the basic working principle of the QCM-D 

(left) and the responses of the two measured quantities, frequency (f) and 

dissipation (D), during one measurement (right). 

During the measurements, the changes in frequency and dissipation at the 

fundamental as well as six other overtone frequencies (15, 25, 35, 45, 55, and 

65 MHz) are continuously recorded using the QSoft program (Q-sense, 

Gothenburg). Different overtones have different penetration depth into the 

film. The penetration depth of each overtone can be calculated via the 

following equation:
117

 

δ = √
𝜂

𝜌𝜋𝑓
                                         (4.6) 

where η and 𝜌 are the viscosity and the density of the solvent, respectively. For 

the basic resonance frequency of 5 MHz for the quartz crystal oscillating in 

water at 20° C, the penetration depth of the shear wave is about 250 nm.  

The frequency change, Δf, depends on the total mass added to the crystal, 

including solvent coupled to the adsorbed layer. The dissipation change, ∆D, 

reflects the energy loss caused by the adsorbed film, providing insights 

regarding structural properties of adsorbed layers.  
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There are several methods to convert the measured quantities to sensed mass, 

e.g., the Sauerbrey equation, Voigt model and Johannsmann model. In this 

thesis work, all those models were used to determine the sensed mass of 

PIPOZ60-b-PAMPTMA17 in Paper I. The sensed mass calculated using the 

Sauerbrey and the simplified Johannsmann equation was fairly similar, 

whereas both models estimated a sensed mass considerably lower in 

comparison to the Voigt model. The Voigt model was used to determine the 

sensed mass of the viscoelastic mucin films in both Paper IV and V. 

The Sauerbrey equation 

The Sauerbrey equation is the simplest and most commonly used equation, 

which states a linear relation between the measured frequency change due to 

adsorption and the sensed mass. This equation can be applied if the adsorbed 

film is sufficiently thin, rigid and homogeneous, the sensed mass, m, can be 

calculated according to the Sauerbrey equation,
118

 

𝑚 = −𝐶
𝛥𝑓

𝑛
                            (4.7) 

where C is the mass-sensitivity constant that depends on the thickness, density 

and fundamental frequency of the quartz crystal, and n is the overtone number 

of the oscillation. The formation of a rigid and thin film is often indicated by a 

close to zero dissipation change and coinciding normalized frequency response 

from the different overtones. This model has been suggested to be a good 

approximation when the change in dissipation is less than 2*10
-6

 per 5 Hz of 

𝛥𝑓.
119

  

The Voigt model 

If the adsorbed layer is viscoelastic the Voigt model
118

 can be applied. A 

software (QTools) provided by the manufacturer (Q-sense) was used to 

estimate the sensed mass by fitting the measurement data to a Voigt model. 

The Voigt model is a linear viscoelastic model in which the total stress acting 

on a material is treated as the sum of stresses due to the elastic (Hooke’s law) 

and the viscous (Newton’s law of viscosity) components of the material, e.g., 

in the Voigt representation, these two components are represented by a spring 

and a dashpot coupled in parallel. The spring (elastic element) represents 

immediate response with no dissipation of energy; whereas, the dashpot 

(viscous element) represents delayed response and dissipated energy.  
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Thus, the viscoelastic properties of an adsorbed layer are expressed as a 

complex shear modulus:  

G*= 𝐺′ +  𝑗𝐺′′ =  𝜇 +  𝑗2𝜋𝑓ɳ                (4.8) 

where 𝐺′, 𝐺′′, μ, and ɳ are storage modulus, loss modulus, shear modulus and 

shear viscosity, respectively. In this model both the frequency and the 

dissipation changes are utilized during data evaluation, as described in detail 

elsewhere.
118, 119

 Therefore, this model allows a more accurate estimation of 

the sensed mass of a viscoelastic layer, but it is necessary to analyze changes in 

several overtones. The drawback of this model is that knowledge of the layer 

density is needed. In this model, the adsorbed layer is also assumed to be 

homogeneous. A detailed description of the viscoelastic model and discussions 

about its validity can be found elsewhere.
120

 If the viscoelastic properties of the 

adsorbed film are frequency-dependent an extended viscoelastic model that 

considers this should be used. A detailed description of the extended 

viscoelastic model and its applicability have been published elsewhere.
121

 This 

extended viscoelastic model was used to determine the adsorbed mass of 

mucin films in Paper IV and V. 

The Johannsmann model 

Johannsmann proposed an alternative viscoelastic model where the quartz 

resonator is modeled as an equivalent electrical circuit.
122

 In this approach the 

adsorbed layer is described in terms of a generalized impedance (Z*). The 

generalized impedance (Z*) and the acoustic impedance of the film (Zf) are 

related, and it is the acoustic impedance that is related to the viscoelasticity of 

the film, Zf = √𝜌𝑓𝐺𝑓, where ρf and Gf are the density and the complex shear 

modulus of the film. The equivalent mass m* is defined by: 

𝑚∗ = [𝑚0 + ĵ
𝜌𝑓

2𝑑𝑓
3

3
× 𝜔2 ]               (4.9) 

where m* = -2πtqρq𝛿𝑓/𝑓, with tq and q being the thickness and density of the 

quartz oscillator, respectively. ĵ =1/G is the shear compliance of the adsorbed 

film. From a plot of the equivalent mass versus the square of the angular 

frequency one obtains the sensed mass, m0, as the intercept.
121
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Voigt mass and water content 

The mass, m, obtained from these three models is the total mass oscillating 

with the crystal, i.e. adsorbed polymer as well as coupled solvent. Thus, by 

utilizing the surface excess, 𝛤 , and mass obtained from QCM-D, the mass 

fraction of water, Xw, and the effective hydrodynamic thickness, deff,
123

 can be 

calculated via the following equations:  

𝑋𝑤 =
𝑚−Γ

𝑚
                                         (4.10) 

𝑑𝑒𝑓𝑓 =  
𝑚

𝜌𝑒𝑓𝑓
=

𝑚

𝜌𝑝(
Γ

𝑚
)+𝜌𝑤×𝑋𝑤

         (4.11) 

where 𝜌𝑒𝑓𝑓  is the density of the adsorbed polymer layer with trapped and 

associated water, and 𝜌𝑝 and 𝜌𝑤 are the density of the dry polymer layer and 

water, respectively. 

4.3. Atomic force microscopy with colloidal probe 

AFM was invented mainly for imaging different types of samples at the nano- 

and micro-scales.
124, 125

 Later, it was developed to study the interactions 

between the AFM tip and different surfaces, e.g. polymer- and protein-coated 

surfaces.
126, 127

 An important improvement for the surface chemistry society 

was the invention of the colloidal probe technique by Ducker et al.
128, 129

 They 

glued a spherical particle to the cantilever to enable measurement of 

interactions between a surface and larger particle. The colloidal probe AFM 

has some advantages in contrast with the common AFM using a sharp tip. First 

of all, colloidal probes of any material can be used, whereas there is a limited 

choice of sharp tips. Secondly, the geometry of the colloidal particle is well-

defined and usually the radius of the particle is much larger than the range of 

the surface forces, therefore, the Derjaguin approximation
36

 is valid when a 

colloidal particle is used, but not when a tip is used.  
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The Derjaguin approximation relates the force (F) between curved surfaces to 

the free interaction energy for flat surfaces by: 

 
𝐹

𝑅
 = 2𝜋𝑊                                     (4.12) 

where R is the sphere radius and W is the interaction free energy per unit area 

between two surfaces. Last but not least, the colloidal probe provides a large 

contact area, making it possible to measure weak long-range surface forces 

that could not be detected using a sharp tip. In my thesis work, colloidal probe 

AFM (Nanoscope Multimode 8, Pico Force AFM, Bruker, USA) was 

employed to study the surface forces and friction between PIPOZ60-b-

PAMPTMA17 coated silica surfaces in Paper II and III as well as mucin-

coated PMMA in Paper IV and V.  

 

Figure 10. Schematic image of the principle components of an AFM. 

The main components of an AFM are shown in Figure 10, including a laser 

beam, a substrate glued on top of a scanner, a cantilever with colloidal probe 

(or a tip) and a quartered photodiode (laser detector). The main principle 

behind AFM is to reflect a laser beam on the very end of a cantilever. During 

measurement, the cantilever can either bend (in normal force measurements) or 

twist (in friction measurements), depending on the movement of the scanner 

together with the sample. The reflected laser from the end of the cantilever is 

detected in a quartered photodiode. The deflection and twist of the cantilever 

in response to the interaction between the tip and the sample are transformed 

into a change of the photodiode voltage.  
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4.3.1. Surface force measurements 

Surface forces are measured by moving the surface up and down (often 

referred to as approach and retraction) by the piezoelectric scanner, thus the 

cantilever will be deflected up and down correspondingly, the vertical 

deflection of the cantilever versus Z-piezo position are recorded as the raw 

data. During measurements, the probe will at some point come in contact with 

the sample. At this stage the probe and the sample will move together as they 

are pushed further together until the largest applied load is reached; the force 

curve of this stage is called the constant compliance region and the slope of 

this deflection versus displacement curve is referred to as the deflection 

sensitivity. This deflection sensitivity is needed to convert the deflection signal 

into force, which was done using the AFM Force IT software (Force IT, 

Sweden). The surface force (Fn) is calculated from the cantilever deflection 

(z), using Hooke’s law. 

Fn = 𝑘𝑧 × 𝑧                                     (4.13) 

Where 𝑘𝑧 is the normal spring constant of the cantilever, which should be 

measured before the colloidal probe is attached. We note that zero separation is 

defined by the constant compliance region and does not provide any 

information on the layer thickness, which contrasts to measurements using a 

surface forces apparatus.
130

 It is also necessary to point out that when 

measuring forces between soft adsorbed layers, it is best to use the deflection 

sensitivity measured between the hard substrates before soft matter is 

adsorbed. This is because it is difficult to reach “hard wall” contact between 

soft layers; and thus difficult to obtain the true deflection sensitivity. 

Furthermore, the cantilever may bend too much under too high applied load, 

leading to a non-linear response of the detector system, which provides 

inaccurate deflection sensitivity. 

4.3.2. Friction force measurements 

Friction forces are measured by scanning the sample in contact mode 

perpendicular to the cantilever.
131

 The cantilever will twist if there is any 

friction due to the sliding. The friction detector signal (lateral voltage) due to 

the twist of the cantilever is registered. In the measurements the surfaces were 

first brought into contact under a given load and then they were forced to slide 

forwards and backwards (often referred to as trace and retrace) at each load. 
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The variation of the applied load can be handled by the instrument software 

using a built-in scripting tool. The differences between the photo detector 

signal from the two different scanning directions for each scanning line (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 were removed) were 

calculated, which is defined as ΔV. This quantity is then converted to friction 

force by using the equation:
132

 

𝐹𝑓𝑟𝑖𝑐 =
ΔV 𝑘𝑡

2𝛿ℎ𝑒𝑓𝑓
                                    (4.14) 

where, 𝑘𝑡 is the torsional spring constant, 𝛿 is the torsional detector sensitivity 

and ℎ𝑒𝑓𝑓  is the effective height of the probe (the diameter of the colloidal 

probe particle plus half the thickness of the cantilever).  
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5. Key results and discussions 

The focus of this section will be on elaborating the results that this author finds 

particularly interesting. For a full coverage of all results, the reader is referred 

to the included papers, attached at the end of this thesis. 

5.1. Interfacial properties of PIPOZ60-b-PAMPTMA17 on 

silica 

5.1.1. The effect of pH on adsorption 

The adsorption of PIPOZ60-b-PAMPTMA17 onto silica surface is expected to 

be driven by the electrostatic attraction between the cationic block PAMPTMA 

and the negatively charged silica. The cationic block is permanently charged, 

so the number of charges on the block does not depend on the environmental 

pH. However, the surface of silica is populated with silanol groups that are 

known to dissociate with increasing pH and ionic strength of the solution; and 

the silica surface is known to be highly charged at pH at and above 8-9.
133, 134

 

The ionic strength in this study was kept at 0.1 mM using NaCl, and the pH 

was varied to elucidate how the adsorption was affected. The results are shown 

in Figure 11. 

 

Figure 11. Voigt mass (filled circles) and surface excess (open circles) of 

PIPOZ60-b-PAMPTMA17 and Voigt mass (filled squares) of PIPOZ60 as a 

function of pH measured at 25 °C. The polymer concentration was in all cases 

100 ppm. 

The Voigt mass and surface excess of the PIPOZ60-b-PAMPTMA17 layer on the 

silica surface increases with increasing pH due to the increased negative 

surface charge density on silica at elevated pH. In order to determine the 
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affinity of the PIPOZ block to the silica surface, control experiments were 

performed using QCM-D to measure the adsorption of the PIPOZ 

homopolymer. The Voigt mass of PIPOZ60 is significantly lower than that of 

the diblock copolymer at pH 6 and pH 9 and it decreases with increasing pH. 

This means that the PIPOZ block also contributes to the adsorption of 

PIPOZ60-b-PAMPTMA17 onto silica surfaces, but these two blocks become 

more segregated in the adsorbed layer at higher pH, with the cationic block 

accumulating at the interface and the PIPOZ block extending toward the 

solution. Therefore, the polymer conformation on the surface at pH 9 

approaches the classical situation with an adsorbing anchor block (PAMPTMA 

block) and a non-adsorbing buoy block (PIPOZ block). 

The surface excess of PIPOZ60-b-PAMPTMA17 also increases with increasing 

pH, which means the buoy blocks, PIPOZ chains, will be anchored closer to 

each other with a shorter anchoring distance. The average distance between 

two anchoring sites can be calculated by: 

D = σ
-0.5 

                                                (5.1) 

where σ is the number of chains per unit surface area that can be determined 

from the surface excess.
135

 By comparing D with the Flory radius, RF, of the 

tethered chain, one can determine to what extent the polymer chains are 

stretched and what layer conformation they adopt such as, polymer coil or 

brush-like. The Flory radius, RF, of a PIPOZ60 chain can be estimated by:
52

 

RF = ln
α 

                                                 (5.2) 

where α is between 0.5 and 0.6 depending on the solvent condition, and l is the 

contour length of the repeating unit and n is the degree of polymerization. At 

pH 9 the calculated D = 4.9 nm and RF = 2.5 – 3.7 nm; therefore, 2RF/D = 1.5 

(good solvent) or 1.0 (theta solvent), resulting in slightly stretched polymer 

chains but not a real brush structure. 

5.1.2. Temperature-dependent adsorption and adsorption hysteresis 

For polymers with a LCST, water becomes a poor solvent when the 

temperature is above its LCST. The phase separation temperature for PIPOZ60-

b-PAMPTMA17 in 0.1 ppm NaCl solution at pH 9 was determined to be 49 °C 

(compared to 46 °C for PIPOZ60), at which point the transmittance of the 

polymer solution starts decreasing with increasing temperature. As a 
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consequence, aggregate deposition occurs on the preadsorbed PIPOZ60-b-

PAMPTMA17 layer at 50 °C as monitored by QCM-D. To avoid polymer 

aggregates, the adsorption measurements were performed below the phase 

transition temperature using both QCM-D and ellipsometry. 

The surface excess of PIPOZ60-b-PAMPTMA17 as a function of temperature is 

shown in Figure 12. The adsorption increases significantly with increasing 

temperature as a consequence of the PIPOZ chains becoming more 

hydrophobic upon heating. However, some of the polymer chains adsorbed on 

the surface on heating did not desorb upon cooling, resulting in an adsorption 

hysteresis. This indicates that the equilibrium between the polymer layer and 

the bulk is established very slowly and trapped nonequilibrium states are 

formed. The reason for the trapped nonequilibrium state is mainly the high 

affinity of the cationic block toward the negatively charged silica surface. The 

high number of charges (17+) on the anchoring block makes it very difficult 

for this diblock copolymer to detach from the surface. Another reason is the 

slow diffusion from the subsurface region due to the small concentration 

gradient.
136

 The effect of long-lived trapped state on the interactions between 

these PIPOZ60-b-PAMPTMA17 layers is discussed in Paper III. 

 

Figure 12. Surface excess of PIPOZ60-b-PAMPTAM17 on silica as a function 

of temperature. Adsorption occurred from 100 ppm polymer solution in 0.1 

mM NaCl at pH 9. The arrows indicate the direction of the temperature 

change. Filled circles and open circles represent data obtained during the 

heating and the cooling stage, respectively. 

Contrasting to the increasing surface excess on heating, the Voigt mass 

decreases, as shown in Figure 13a, resulting from the release of water 

molecules hydrodynamically trapped between the polymer chains and those 

bound to the polymer chains. During the subsequent cooling process, the 
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Voight mass increases again due to reincorporation of water in the layer; 

however, it is even higher than during the heating stage due to the extra 

adsorbed polymer chains. Thus, a clear adsorption hysteresis is observed, 

which is consistent with the ellipsometry results. The Voigt thickness (Figure 

13b) of the adsorbed polymer layer decreases slightly upon heating and 

increases on cooling, ranging from 4 to 6 nm. 

 

Figure 13. (a). Voigt mass due to PIPOZ60-b-PAMPTMA17 adsorption to silica 

from 100 ppm 0.1 mM NaCl solution as a function of temperature at pH 9. (b). 

Voigt thickness as a function of temperature at pH 9. Filled circles and open 

circles represent data obtained during the heating and the cooling stages, 

respectively. 

5.1.3. Water content of the adsorbed layer 

For many hydrated thermoresponsive polymers, clathrate-like structures are 

preferred around nonpolar groups on the polymer chains and direct hydrogen 

bonds and favorable dipolar interactions exist between polar groups and water. 

The temperature variation can lead to the loss and reformation of hydrogen 

bonds, which affect the hydration level of the polymer.  
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Figure 14. Water content of the PIPOZ60-b-PAMPTAM17 layer adsorbed on 

silica as a function of temperature at pH 9. Filled circles and open circles 

represent data obtained during the heating and the cooling stage, respectively. 

The water content of the adsorbed PIPOZ60-b-PAMPTMA17 layer as a function 

of temperature is shown in Figure 14, at room temperature it is around 85%. It 

decreases gradually on heating to about 65% at a temperature close to the 

phase transition temperature. This suggests that the PIPOZ chains are not fully 

dehydrated, which agrees well with what has been reported by Korchagina et 

al. that the PIPOZ chains of the diblock copolymer were not fully dehydrated 

even above the phase-transition temperature.
94

 In addition, there should also be 

some trapped water within the layer. Upon cooling, the water content increases 

again due to rehydration, but it does not fully recover its hydration level before 

heating, which may be due to the adsorption hysteresis.  

5.2. Normal forces between adsorbed PIPOZ60-b-

PAMPTMA17 layers  

In this section, we present how normal forces and friction forces between silica 

surfaces coated with PIPOZ60-b-PAMPTMA17 change upon heating and 

cooling, across solutions without (Paper II) and with the presence of polymer 

in bulk solution (Paper III). Temperature changes alter solvent quality, and 

this contributes to the changes in both surface excess (when there is polymer in 

solution) and water content in the adsorbed layer, which will affect the 

interactions between PIPOZ60-b-PAMPTMA17 layers. Based on results 

presented in Paper II and III, we can gain information on how the solvent 

quality of water and grafting density affect short-range interactions and friction 

forces. 
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Figure 15. Force normalized by radius as a function of separation measured on 

approach (filled circles) and retraction (open circles). The forces measured between 

silica surfaces coated with PIPOZ60-b-PAMPTMA17 layers across a 0.1 mM NaCl 

solution at pH 9 at indicated temperatures are shown in Figure a, b and c. The forces 

measured between silica surfaces carrying adsorbed PIPOZ60-b-PAMPTMA17 layers 

across a 0.1 mM NaCl solution containing 100 ppm of polymer at pH 9 at indicated 

temperatures are shown in Figure d, e and f. The upper and lower solid curves in the 

figures for all temperatures except 47 °C are calculated double-layer forces using 

constant surface charge density and constant surface potential boundary conditions, 

respectively. The solid line and solid curve in the figure for 47 °C are calculated 

capillary forces in the full equilibrium and constant condensate volume cases, 

respectively. 
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5.2.1. Effect of temperature on surface forces 

The surface forces between silica surfaces coated with PIPOZ60-b-

PAMPTMA17 across a 0.1 mM NaCl solution at pH 9 at different temperatures 

are shown in Figure 15a, b and c. At room temperature, the long-range 

interaction is predominantly due to a double-layer force. At separations shorter 

than 5 nm, the measured forces become significantly steeper due to the steric 

interactions. The double layer force is observed at all temperatures. However, 

the worsening of the solvent quality of water for PIPOZ at elevated 

temperatures resulted in the appearance of a local force minimum at small 

separations on both approach and separation; and the net force in the minimum 

is attractive on separation. The net attractive force is due to the segment-

segment interactions between (and within) the adsorbed layers as a 

consequence of water becoming a worse solvent for PIPOZ at elevated 

temperatures. A reduced solvency with increasing temperature has also been 

reported for other thermoresponsive polymers, such as PNIPAAM,
137

 

PDMAEMA
138

 and PEO, as evidenced by the short-range interaction between 

PEO containing surfactants
139

 and polymers
140, 141

 as well as between surfaces 

coated with grafted PDMAEMA and adsorbed layers of PNIPAAM. The same 

trend was observed in the force curves measured at temperatures below 47 ˚C 

in the presence of polymer in the solution, as shown in Figure 15d and e. 

5.2.2. Effect of the presence of polymer in solution on surface forces 

With the presence of polymer in solution, the depth of the force minimum 

obtained at temperatures between 35 ˚C and 45 ˚C is slightly lower than that in 

absence of polymer in solution, as shown in Figure 16. This is due to the 

additional adsorption that occurred as the solvent quality was decreased, which 

resulted in a higher grafting density and less chain interpenetration between 

polymers adsorbed on the opposing surfaces. An interesting feature of the 

results is that a strong attraction appeared on retraction as the temperature 

approached the phase transition temperature, which is due to capillary 

condensation of a polymer-rich phase in the gap between the surfaces. The 

capillary condensation makes the adhesion force determined in 100 ppm 

polymer solution about 8 times larger than that measured in absence of 

polymer. The measured force curves fall in between the calculated force curves 

in the full equilibrium and the constant capillary volume cases, as shown in 

Figure 15f, (for details, refer to Paper III).  
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Capillary forces in polymer solutions have been reported for a few other 

systems, such as EHEC
73, 77

 and mixtures of PEO and dextran
72

. They share 

some common features, e.g. the attractive force has a region where it varies 

almost linearly with separation 
142

and large hysteresis exists between forces 

measured on approach and retraction.
72

 

 

Figure 16. Depth of the force minimum as a function of temperature 

determined during the heating stage. The error bars (in several cases too small 

to be seen) were calculated based on 10 measurements. Filled and unfilled 

symbols correspond to data obtained in 0.1 mM NaCl solution at pH 9 in 

presence and absence of 100 ppm PIPOZ60-b-PAMPTMA17 in the solution. 

5.3.  Friction forces between adsorbed PIPOZ60-b-

PAMPTMA17 layers  

The friction forces measured between PIPOZ60-b-PAMPTMA17 across a 

polymer free solution at different temperatures are shown in  

Figure 17a. At temperatures below 45 ˚C, the friction force is close to zero at 

low loads as a consequence of that the double-layer force carries the load. 

However, the friction force increases with increasing load when it is carried by 

the steric force above about 2nN. This is because the interpenetration region 

between the opposing polymer layers increase and energy dissipation occurs as 

a consequence of polymer chains being dragged against each other in this 

region. Similar friction forces were observed on loading and unloading. Under 

the highest load applied during shearing, corresponding to a pressure of 33 

MPa, the polymer still remained on the surface, indicating strong anchoring 

between the cationic block and the silica surface. Since the friction forces are 

not linearly proportional to the normal load, Amontons’ first rule does not 
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describe the data. Instead, the effective friction coefficient (µeff ) for PIPOZ60-

b-PAMPTMA17 coated silica surfaces is shown as a function of load in  

Figure 17b. The friction force and µeff are similar at 25 ˚C and 35 ˚C at low 

loads, but higher friction force is observed at 35 ˚C at higher loads. 

Significantly higher friction force and µeff are obtained at 45 ˚C as soon as the 

steric force carries the load, which is due to more attractive segment-segment 

interactions at elevated temperature. However, the friction force at 50 ˚C is 

lower than that at 45 ˚C. We propose this is due to the tendency of PIPOZ 

chains to crystalize at elevated temperatures,
143

 and the crystalline structure 

can decrease the mobility of polymer chains and counteract interpenetration. 

Hence, the energy dissipation would decrease. Upon cooling, the friction 

forces and µeff went back to the original values measured at 25 ˚C before 

heating.  

 

Figure 17. (a) Friction force and (b) effective friction coefficient as a function 

of applied normal load between silica surfaces carrying a preadsorbed lay 

PIPOZ60-b-PAMPTMA17 measured at different temperatures. 

To gain further insight, we utilized self-consistent lattice mean-field theory to 

follow how changes in temperature affect the polymer segment density 

distributions. The degree of mutual penetration is examined by considering the 

fraction of polymer segments that penetrates into the other layer as defined in 

the inset of Figure 18. The polymer overlap fraction as a function of 

interaction energy is shown in Figure 18. The degree of interpenetration 

increases with increasing temperature at a given interaction energy; and the 

fraction of penetrating segments increases with increasing interaction energy 

on the repulsive branch of the interaction curve. The modelling results indicate 

that at a given applied force load, the degree of penetration is larger at higher 

temperature, which is consistent with our interpretation of our friction results. 
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Thus, we suggest that the increased degree of interpenetration with increasing 

temperature under a given load plays an important role in the temperature-

dependent friction properties of these layers. 

 

Figure 18. Calculated polymer overlap fraction between two PIPOZ-grafted 

surfaces as a function of the interaction energy Aint(M)/kTL at T = 300 K (red) 

and T = 325 K (blue) indicated for attractive (dotted curves) and repulsive 

(solid curves) force branches. The polymer overlap fraction is defined as the 

fraction of polymer segments (hashed area) penetrating into the polymer layer 

grafted on the opposite surface (see inset). 

The friction forces acting between silica surfaces coated with PIPOZ60-b-

PAMPTMA17 layers across a 100 ppm polymer solution in 0.1 mM NaCl are 

shown in Figure 19a and b. In contrast to what was observed on heating 

without the polymer in solution, the friction force decreases slightly with 

increasing temperature despite the worsening of the solvent condition, which 

we suggest is due to the reduced interpenetration between the layers resulting 

from the increased polymer chain density on the surface. This is also the 

reason for the lower friction force obtained on cooling than that on heating at a 

certain temperature. Therefore, we can see that the temperature history has a 

significant impact on friction forces. The effective friction coefficient 

corresponding to the friction forces measured between PIPOZ60-b-

PAMPTMA17 layers is shown in Figure 19c and d. I would like to point out 

that the peak observed at low loads on heating is most pronounced at high 

temperatures, which we attribute to attractive interactions between the 

adsorbed layers during shearing. These peaks are absent on cooling (except at 

the highest temperature), when the surface excess is higher, and we conclude 

that shear-induced attractive forces appear more readily at low adsorbed 

amounts. 
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Figure 19. Friction forces as a function of load between PIPOZ60-b-

PAMPTMA17 layers measured across a 100 ppm polymer solution in 0.1 mM 

NaCl (pH 9) upon heating (a) and cooling (b). The effective friction coefficient 

corresponding to the data obtained on heating (c) and cooling (d), respectively. 

5.4. Long-lived trapped states. 

It has been long realized that processes with polymers involved may be very 

slow. For example, it is accepted that the equilibrium of adsorption of high 

molecular weight polyelectrolytes on oppositely charged surfaces is seldom, if 

ever, achieved.
133

 From our study on adsorption of PIPOZ60-b-PAMPTMA17 

on silica across a solution containing this polymer, we learned that trapped 

non-equilibrium states are formed in the adsorbed polymer layers due to the 

very slow desorption process of these adsorbed polymer chains. These trapped 

non-equilibrium states also affect the interactions between polymer layers. In 

Figure 20 we compare the effective friction coefficient between PIPOZ60-b-

PAMPTMA17 coated silica surfaces measured at a load of 10 nN in presence 
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and absence of polymer in bulk as a function of temperature. With the presence 

of polymer in bulk solution, the effective friction coefficient decreases when 

the temperature increases above 30 ˚C due to the extra adsorbed polymer 

chains that reduce chain interpenetration; and it continuously decreases upon 

cooling resulting from rehydration and limited desorption. The consequence is 

that much higher effective friction coefficient is obtained on heating than that 

on cooling at corresponding temperatures. Clearly, the trapped non-equilibrium 

states affect the friction force between the polymer layers. Therefore, it is 

important to keep track of the temperature history since results obtained using 

preadsorbed layers can be misleading when the adsorbed amount varies with 

solution condition. Clearly, the slow equilibration makes the situation more 

complex, where different friction forces are measured depending on 

temperature history. The effect of trapped states on surface forces has also 

been noted in a few cases.
31, 32

 

 

Figure 20. The friction coefficient measured at a load of 10 nN as a function 

of temperature, the red symbols represent data obtained on heating and the 

blue symbols data obtained on cooling. The filled and unfilled circles represent 

experiments done with and without the presence of PIPOZ60-b-PAMPTMA17 

in bulk solution, respectively. 

To conclude, for thermoresponsive polymers, trapped states may influence the 

performance of products stored under varying temperature conditions. Studies 

of this type are not only of fundamental interest, but also of high relevance for 

applications where products containing thermoresponsive components are 

exposed to varying temperatures during their storage or in processes where 

they are used. 
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5.5. Adsorption of mucin on PMMA 

Mucin is able to adsorb onto various surfaces by different interactions, such as, 

hydrogen bonding,
144

 hydrophobic,
145

 and electrostatic interactions
146

 due to its 

amphiphilic characteristics and the charges it carries. When adsorbing onto 

hydrophobic surfaces, it has been suggested that the nonglycosylated regions 

facilitate attachment via hydrophobic forces and the highly hydrated 

oligosaccharide side chains stretch away from the main chain, resulting in a 

‘bottle-brush’ configuration. Some studies have also shown that mucins adsorb 

more on hydrophobic surfaces than on hydrophilic ones, and with negligible 

desorption upon rinsing.
147

  

5.5.1. Effect of molecular structure on adsorption 

In Paper IV, we compared the adsorption of two types of mucins on PMMA: 

one is BSM with a train-of-brushes structure (Figure 3), and the other one is a 

recombinant mucin type fusion protein PSGL-1/mIgG2b with a brush-with-

anchor structure (Figure 4), which is then named C-PSLex in Paper V.  

 

Figure 21. Frequency (filled circles) and dissipation (open circles) changes as 

a function of time during adsorption of an initial BSM layer followed by 

rinsing and PSGL-1/mIgG2b (C-PSLex) adsorption (a) and the reverse (b) 

(PSGL-1/mIgG2b - rinsing - BSM adsorption). The concentration of all mucin 

solutions was 100 ppm in 155 mM NaCl. The arrows labeled with BSM and 

PSGL-1/mIgG2b mark the starting points of mucin injection and the arrows 

labeled with “R” mark the starting point for rinsing with 155 mM NaCl 

solution. 

The sequential adsorption experiments of BSM/PSGL-1/mIgG2b (C-PSLex) 

and PSGL-1/mIgG2b (C-PSLex) /BSM measured with QCM-D are shown in 

Figure 21. Such competitive experiments can show if the two studied 

polymers interact with each other or replace each other at the surface. As we 
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can see from Figure 21a, a viscoelastic BSM layer was formed as soon as the 

mucin solution arrived in the measuring chamber, shown by the rapid decrease 

in frequency and increase in dissipation. However, this adsorbed BSM layer 

became less extended as a result of structural rearrangements, and this feature 

is clearly demonstrated in the ΔD-Δƒ plot of BSM in Figure 22a. The 

adsorption reached steady state within 2 hours and a limited amount of BSM 

was removed by rinsing. After injection of the second mucin, PSGL-1/mIgG2b, 

the frequency and dissipation changed significantly, indicating the second 

mucin associated with the preadsorbed BSM layer. It is also possible that some 

PSGL-1/mIgG2b molecules replaced the adsorbed BSM molecules despite their 

dimetric structure. In the following rinsing step, some molecules were 

removed. The sequential adsorption of PSGL-1/mIgG2b followed by BSM is 

less complex than that observed for sequential adsorption of BSM/PSGL-

1/mIgG2b. Firstly, a viscoelastic PSGL-1/mIgG2b layer was formed and upon 

rinsing this layer became more extended due to the higher pH of the rinsing 

NaCl solution; but the following adsorption of BSM led to minor changes in 

frequency and dissipation. This clearly shows that BSM does not associate 

with the preadsorbed PSGL-1/mIgG2b layer. From these findings, we suggest 

that it is the anchoring group of the PSGL-1/mIgG2b that provides both the 

anchoring to PMMA and facilitates association with the preadsorbed BSM. 

The adsorption of the anchoring group IgG-Fc on PMMA was also studied by 

QCM-D, the results show that the Voigt mass has a weak dependence on the 

IgG-Fc bulk concentration, indicating it has high affinity to PMMA. The ΔD-

Δƒ plot of adsorption of IgG-Fc is shown in Figure 22a.  

The Voigt mass and Voigt thickness of the adsorbed BSM and PSGL-1/mIgG2b 

(C-PSLex) layers are shown in Table 2. It is striking that the Voigt mass and 

Voigt thickness of the C-PSLex layer are more than 2 times higher than those 

of the BSM layer. The thickness extracted from the QCM-D results for both C-

P55 and C-PSLex layers is significantly smaller than the length of the outer 

part of the mucin domain, which is around 50 nm.
106

 Thus, the adsorbed mucin 

molecules have, on average, an orientation that is significantly tilted relative to 

the surface normal. 
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Table 2. Characteristics of Mucin Layers on PMMA Evaluated from the QCM-

D Adsorption Experiments. 

 Voigt thickness (nm) Voigt mass (mg/m2) 

BSM 7.3 ± 0.5 7.9 ± 0.5 

after rinsing 6.6 ± 0.5 7.2 ± 0.5 

C-PSLex 18.9 ± 0.2  20.4 ± 0.2  

after rinsing 20.4 ± 0.2  22.0 ± 0.2  

C-P55 18.1 ± 0.5 19.4 ± 0.7 

after rinsing 16.5 ± 0.5  17.8 ± 0.6 

5.5.2. Effect of glycosylation on adsorption 

In Paper V, we studied the adsorption, surface forces and friction forces of 

another recombinant mucin on PMMA, C-P55, and compared its interfacial 

properties with those of C-PSLex. The C-PSLex mucin has longer but more 

heterogenerous O-glycan side chains (the carbohydrate unites vary from 3 to 8 

with typically 5 or 6, compared to 3 or 4 units for C-P55). More details are 

provided in Paper V. By comparison, we are able to learn how their properties 

are affected by the glycosylation composition, including sialic acid content and 

oligosaccharide chain length. The Voigt mass and Voigt thickness of the C-P55 

layer are similar to those of the C-PSLex layer, as shown in Table 2. However, 

we particularly note that the sensed mass decreases for C-P55 upon rinsing due 

to some desorption, whereas it increases for C-PSLex due to swelling. Another 

feature that I would like to point out is that C-P55, having shorter side chains 

than C-PSLex, adsorbs in a more compact conformation than C-PSLex as 

indicated by the QCM-D results, whereas a slightly thicker layer with higher 

viscoelastic properties (larger ∆D) is formed by C-PSLex. The effect of side-

chain length on the adsorption of bottle-brush polymers was investigated by 

Linse and Claesson in a theoretical modeling study, and the results showed that 

a shorter side chain resulted in a more compact adsorbed polymer layer even 

when the surface excess is similar.
148

 However, the difference in the sensed 

mass of these two mucins is small, suggesting that the adsorption via the 

anchor group is not strongly affected by the O-glycan side-chain length on the 

mucin parts.  

5.5.3. ΔD-Δƒ plots of adsorption of mucins 

The ΔD-Δƒ plot of adsorption of those three mucins and the anchoring block 

of the recombinant mucin are compared in Figure 22a.  
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Figure 22. a. ΔD - Δƒ plot recorded during adsorption of BSM (black), C-

PSLex (red), C-P55 (blue) and IgG-Fc (green) on PMMA. b. Three ΔD - Δƒ 

plot of adsorption of C-P55 on PMMA. The concentration of all mucin 

solutions was 100 ppm in 155 mM NaCl. 

The ΔD-Δƒ curve for IgG-Fc is featureless; but by comparing the initial slope 

of all these curves we can see that the adsorbed IgG-Fc layer is less 

viscoelastic than the adsorbed mucin layers. For BSM, the curve shows that 

after initial adsorption the adsorbed BSM molecules slowly change their 

conformation to form a thinner layer in order to maximize the favorable 

interaction with the surface, which also has been reported elsewhere.
149-151

 The 

shape of the ΔD-Δƒ curve for C-PSLex is reminiscent of what has been 

observed for some synthetic bottle-brush polymers,
54, 121

 and it consists of 

several regions with different slopes. The first linear region suggests most of 

the adsorbed C-PSLex molecules lie parallel to the PMMA and later the slope 

decreases due to increased interactions within the adsorbed mucin chains, 

which also mean the layer becomes stiffer. In the last region the slope 

increases, indicating a more extended layer conformation. The ΔD-Δƒ plot for 

C-P55 differs from that for C-PSlex in two regions: i) there is a plateau region 

close to the end of the curve for C-P55, which we suggest it is due to 

conformational and translational relaxation of mucin molecules after their 

arrival to the surface, optimizing chain conformations and relative positions on 

the surface; ii) after reaching the maximum frequency the curve goes back, 

resulting from the rearrangement of the C-P55 molecules and possibly leading 

to removal of less strongly adsorbed molecules. The different behavior of these 

two mucins upon adsorption should be attributed to the different O-glycan 

repertoires on the two mucins, with shorter side chains on C-P55. Although we 
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are not able to clearly explain the features of the ΔD-Δƒ curve for C-P55, the 

general features are reproducible, as shown in Figure 22b. 

5.6. Surface forces and friction between PMMA and mucin-

coated PMMA 

In this section, I will firstly present the surface forces acting between two 

PMMA surfaces and then discuss the surface forces measured between the 

mucin layers adsorbed on PMMA, followed by the friction forces between 

PMMA as well as mucin-coated PMMA.  

5.6.1. Surface forces between PMMA 

The surface forces acting between two PMMA surfaces across 155 mM NaCl 

solution are shown in Figure 23. It is obvious that attractive forces are 

dominant, except for the hard wall repulsion defining the zero separation. The 

range of the attraction is larger than expected for a van der Waals force. This 

kind of force has also been observed for polystyrene surfaces, which was 

interpreted as being due to the presence of a few dangling chains or due to the 

presence of a few submircometer air bubbles giving rise to a capillary 

attraction.
152, 153

 

 

Figure 23. Force-separation curves (approach: filled circles; separation: open 

circles) between PMMA surfaces across 155 mM NaCl solution. The force is 

normalized by the particle radius. Note that the constant slope part of the force 

curves observed during jump-in and jump-out reflects the mechanical 

instability of the spring rather than the attractive surface forces. 

5.6.2. Surface forces between mucin-coated PMMA 

The force curves measured after allowing the mucin adsorption for 45 min are 

shown in Figure 24. The force curves measured on approach are compared on 
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a logarithmic force scale in Figure 24a. Those curves look strikingly similar, 

where an exponential decay of the steric repulsion is observed at large 

separation with a decay length of about 22 nm. This suggests similar segment 

density in the dilute tail region. The repulsion mainly originates from the 

increase in osmotic pressure caused by the higher segment density between the 

surfaces compared to in bulk solution.
45

 At small separation, < 5 nm, the steric 

forces increase more rapidly due to further compression of the adsorbed mucin 

layers, which reduce the conformational entropy. Unfortunately, it is not 

possible to compare the magnitude of the steric repulsion measured between 

these mucin-coated PMMA surfaces because AFM colloidal probe force 

measurements do not provide direct information on the adsorbed layer 

thickness, unlike measurements with the SFA.
154

  

 

Figure 24. (a) Force-separation curves on approach on a logarithmic force 

scale between BSM-coated PMMA (black), C-PSLex-coated PMMA (red) and 

C-P55- coated PMMA (blue) across 100 ppm solution of the respective mucin 

in 155 mM NaCl solution. (b) Force-separation curves on separation between 

mucin-coated PMMA. All forces are normalized by the particle radius.  

On separation the very long-range attraction observed between PMMA 

disappears when mucins are adsorbed. However, there is a small but long- 

range attractive force between BSM-coated PMMA due to polymer bridging 

induced by BSM. This weak bridging attraction indicates that the surfaces are 

not fully covered by the adsorbed BSM molecules, as observed for other 

polymer-coated surfaces.
155

 In contrast, a very small but visible attraction is 

observed between both C-PSLex- and C-P55-coated PMMA on separation 

even though the sensed mass is not low. The smaller adhesion is a consequence 

of a more complete surface coverage than that achieved for BSM; and the 

hysteresis between forces measured on approach and separation suggests that 
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the relaxation processes in the layer are not fully reversible during the time 

scale of the measurement (0.8 s for one trace and retrace curve). Furthermore, 

the attraction observed on separation is slightly more long-ranged for C-

PSLex-coated PMMA than for C-P55-coated PMMA, which we suggest is due 

to the longer side chains of C-PSLex. 

5.6.3. Friction forces between PMMA and mucin-coated PMMA 

The friction forces between PMMA and BSM-, C-PSLex- as well as C-P55-

coated PMMA are compared in Figure 25a. Clearly, the friction forces 

measured between PMMA are high, which is in line with what has been found 

for other non-polar surfaces in water.
156

 Since there is a significant adhesion 

between the bare PMMA, the critical shear stress has a non-zero value in this 

case and Amontons’ first rule does not describe this system well. A high 

friction coefficient, 1.2, up to the highest load investigated, is obtained 

between bare PMMA, as shown in Figure 25b.  

 

Figure 25. (a). Friction force Ff vs. load, Fn and Fn/R, between two bare 

PMMA surfaces (squares) across 155 mM NaCl solution, BSM-coated PMMA 

(triangles), C-PSLex-coated PMMA (circles) and C-P55-coated PMMA 

(diamonds) across 100 ppm mucin solutions in 155 mM NaCl. Filled and 

unfilled symbols represent data obtained on loading and unloading, 

respectively. (b). The effective friction coefficient µeff  vs. load for BSM 

(triangles), C-PSLex (circles) and C-P55 (diamonds). 

After mucins were adsorbed onto PMMA, the friction forces decreased 

significantly, which means that all types of mucins employed are able to aid 

lubrication between PMMA by providing a brush layer with high hydration. 

However, the BSM layer is less efficient in reducing the friction forces 

between PMMA compared with C-PSLex and C-P55 layers, which we suggest 
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is because of bridging and lateral movement of BSM, or regions of BSM, 

along the surface induced by shearing. The friction forces between BSM-

coated PMMA increase linearly with applied load as stated in the Amontons’ 

rule, with a friction coefficient around 0.7 up to the maximum load of 69 nN 

used in our experiment. The friction vs. load curve for C-PSLex layer on 

PMMA is not linear with applied load and the effective friction coefficient 

ranges from 0.02 at low loads and up to 0.24 at the highest load explored, 50 

nN. Obviously, C-PSLex on PMMA shows superior lubrication ability as a 

consequence of the higher layer mass, more extended layer structure and its 

firmer anchoring to the PMMA via the IgG-Fc part compared to BSM, as 

discussed in Paper IV.  

5.6.4. The effect of glycosylation on friction force 

To investigate how the glycosylated domains of mucins affect the interfacial 

properties, we utilized another recombinant mucin, C-P55, with controlled 

structural differences and similarities compared with C-PSLex in Paper V. 

The friction forces between C-P55-coated PMMA increase roughly linearly 

with load when Fn/R is about 4 mN/m and above; thus, Amontons’ first rule 

describes this system well except at very low loads. The friction force between 

C-P55-coated PMMA is higher than that between C-PSLex-coated PMMA at 

low loads, but it is lower at high loads. We attribute this to the longer and more 

branched carbohydrate side chains of C-PSLex compared to those of C-P55, 

which provide higher hydration and relatively lower interpenetration at low 

loads; but also to a larger extent counteract chain disentanglement at high 

loads. The effective friction coefficient between C-P55-coated PMMA is 

around 0.1 when the applied load is above 1 mN/m, which is higher than the 

friction coefficient of the low-friction region of C-PSLex-coated PMMA but 

lower than that of the region after the transition point. 

5.7. Comparison of the lubrication ability of PIPOZ-diblock 

copolymer and recombinant mucins 

By comparing the effective friction coefficient between PIPOZ-diblock 

copolymer-coated silica shown in Figure 19 and those for recombinant 

mucins-coated PMMA shown in Figure 25, it is obvious that recombinant 

mucins show superior lubrication ability, although they are adsorbed onto non-
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polar surfaces. The superior lubrication ability of these recombinant mucins 

compared to the PIPOZ-diblock copolymer at room temperature (when water 

is a good solvent for the thermoresponsive PIPOZ block) can be attributed to 

their brush-with-anchor structure, higher adsorbed mass and the highly 

hydrated oligosaccharide side chains. High surface coverage and the brush 

structure can effectively counteract bridging and interpenetration, which are 

two common sources of energy dissipation between sliding polymer-coated 

surfaces. In contrast, the adsorbed PIPOZ60-b-PAMPTMA17 layer at pH 9 is 

only slightly stretched at room temperature, giving it a mushroom-like 

structure. Another factor that may play a role in the superior lubrication ability 

of mucin is that surface anchored mucin molecules are negatively charged; 

whereas the anchored PIPOZ blocks are charge neutral. As a consequence, a 

large number of hydration shells surround the charged groups on mucin. The 

hydration shells, together with the mobile counterions in the brush layer can 

provide hydration lubrication when the charged brushes are compressed and 

slide past each other. 
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6. Concluding remarks, impact and future 

aspects 

The lubricity of polymer films in aqueous solutions depends on many factors. 

In this thesis work, we explored how the molecular structure, the adsorbed 

mass, the adsorbed film conformation, the anchoring strength, as well as the 

solvent quality affected the lubrication ability of several polyelectrolytes at the 

aqueous/solid interface in the boundary lubrication regime.  

The studies on the thermoresponsive diblock copolymer, PIPOZ60-b-

PAMPTMA17, revealed the importance of the trapped states on the interactions 

between these thermoresponsive layers. The trapped states were evidenced by 

the existence of a clear hysteresis in the layer properties measured across a 

dilute polymer solution when the temperature was cycled between 25 °C and 

45°C. We also studied how the surface forces and friction forces between those 

adsorbed layers were affected by solvent quality and chain density; and the 

result showed that significantly lower friction forces were encountered on 

cooling than on the preceding heating stage. On the heating stage the friction 

force decreased with increasing temperature despite the worsening of the 

solvent condition, and the opposite trend was reported in our studies using pre-

adsorbed layers where the adsorbed amount was independent of temperature. 

The friction forces are thus affected by both temperature and the temperature 

history. Studies of this type are of fundamental interest because our results can 

provide new insights into the interactions of surface-tethered polymers with 

their environment. Furthermore, they are also of high relevance for 

applications where products containing thermoresponsive components are 

exposed to varying temperatures. This study has bearing on the application of 

PIPOZ in smart thermoresponsive coatings and surfaces for tissue engineering 

and thermoresponsive materials, such as microfluidic channels and ‘smart’ 

coatings for control of protein adsorption. 

The studies on mucins demonstrated how the molecular structure and 

glycosylation composition affected their interfacial properties. By comparing 

the lubricity of BSM and the recombinant mucins, we conclude that the strong 

affinity provided by the anchoring group of C-PSLex and C-P55 together with 

their more extended layer structure contribute to their superior lubrication 

ability between PMMA. In addition, by utilizing highly characterized 
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recombinant mucins, C-P55 and C-PSLex, we studied how the glycosylated 

domains of mucins affect their interfacial properties. The results show that the 

friction force between C-P55-coated PMMA is higher than that between C-

PSLex-coated PMMA at low loads, but it is lower at high loads. This is 

because that the longer and more branched carbohydrate side chains of C-

PSLex than those of C-P55 provide higher hydration and relatively lower 

interpenetration at low loads; but instead to a larger extent counteract chain 

disentanglement at high loads. The results also show that both recombinant 

mucins are able to provide excellent lubricity under conditions experienced by 

contact lenses and under high applied pressure. We have filed a patent 

regarding their lubrication capability on coated devices. Thus, this project is of 

broad interest for people working on aqueous lubrication both in the academia 

and the industry.  

By comparing the lubrication ability of PIPOZ-diblock copolymer and the 

recombinant mucins at the solid/aqueous interfaces, we can draw conclusions 

that mucins with brush-with-anchor structure are able to facilitate superior 

lubrication. These studies can provide novel understanding of the molecular 

mechanisms that cause energy dissipation and thus friction as polymer layers 

slide past each other in aqueous solution. This thesis work is of relevance for 

development of efficient water-based lubrication systems. 

To utilize the findings in this thesis, I suggest some ways to improve the 

lubrication ability of this PIPOZ-diblock copolymer. One possible way is to 

synthesize this copolymer with an appropriate repeating unit ratio to increase 

the adsorption and hence the surface coverage, which may also lead to a more 

extended brush layer structure. In this way, bridging can be eliminated and 

chain interpenetration may largely be discouraged. It has been reported for 

PNIPAAM48-b-PAMPTMA
+

X (X= 0, 6, 10, 14, and 20), that a maximum in 

surface excess and thickness of the adsorbed polymer layers is found for the 

polymer composition X = 10.
157

 Another method worth trying is to synthesize 

bottle-brush structure with the same cationic block. This type of PIPOZ 

brushes has been reported by R. Jordan et al.
158, 159

 This type of polymer is 

expected to give as excellent lubrication as the recombinant mucins at 

temperatures well below the cloud point.   
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