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Abstract 
 
The focus in this thesis has been to gain a fundamental understanding of 
how different type of salts affect preadsorbed polyelectrolytes, both natural 
and synthetic. The knowledge from the fundamental work is then applied on 
a commercial system to investigate if the efficiency can be enhanced.  
 
We built thin films using the synthetic polyelctrolytes by using layer-by-
layer (LbL) deposition. The formed film is commonly known as a 
polyelectrolyte multilayer. The LbL method allows the incorporation of 
proteins, polymers, polyelectrolytes with different functions and so on 
within the film, thus achieving multilayers with different functions.  
 
The major measuring technique used within this thesis is the quartz crystal 
microbalance with dissipation (QCM-D), which measures mass adsorbed on 
a surface including the trapped solvent and the viscoelastic properties of an 
adsorbed film. The QCM-D measurements were complemented with an 
optical technique, dual polarization interferometry (DPI), which measures 
the change in refractive index and thickness. From these parameters the dry 
mass and relative water content of the film can be calculated. The Atomic 
Force Microscopy (AFM) further gave information about forces acting 
between preadsorbed films.  
 
We investigated the effect of salt on synthetic polyelectrolyte 
poly(allylamine hydrochloride)/poly(sodium 4-styrenesulfonate) built with 
the LbL technique, thus forming polyelectrolyte multilayers. We concluded 
that the multilayer build-up was linear and that the internal structure of the 
multilayer is of a compact and rigid nature. However, the type of rinsing 
protocol (termination of adsorption by: salt, water and salt first followed by 
water) has a significant effect on the outer layer of the formed multilayer. 
Interestingly, the structural changes only applied when poly(allylamine 
hydrochloride) was at the outermost layer and the most significant when 
water was used. We suggest that it is only the top layer that swells due to 
the removal of counterions resulting in increased intrachain repulsion. We 
further performed two-layer model calculations with the Voight model to 
confirm the QCM-D results as well as a novel two layer model simulation 
for the DPI data in order to resolve the thickness. The model calculations 
were in good agreement with each other thus we concluded that only the 
outer layer swells for this particular multilayer system.  
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In a related experiment we studied the adsorption of bovine submaxillary 
mucin (BSM), which has an important mucousal function, to different thiol 
modified gold surfaces as well as the effect of electrolytes (NaCl, CaCl2, 
LaCl3) on preadsorbed mucin to a hydrophobic thiol-modified Au surface. 
The salt induced an expansion at low concentrations; higher concentrations 
resulted in a compaction. Increasing the valence of the counter ion resulted 
in a compaction at low concentrations. The structural change of preadsorbed 
BSM was reversible for NaCl, partially reversible for CaCl2 and irreversible 
for LaCl3. Interestingly, the swelling of BSM could not be fully understood 
by using the QCM-D and thus AFM force curves of the same system were 
taken and the results showed that NaCl does decrease the tail length due to 
the effective screening of charged sites within the BSM molecule. 
Increasing the valence resulted in a notable compaction already at very low 
concentrations suggesting that the ions bind to the anionic sites on BSM. 
 

In the last work we attempted to combine the gained knowledge from the 
previous studies by using the LbL-buildup on an actual commercial health 
care application. The above-mentioned mutlilayer were used to coat 
polystyrene wells in order to increase the binding of immunoglobulin (IgG). 
The main goal was to increase the sensitivity of the conventional enzyme-
linked immunosorbent spot assay (ELISpot) and subsequently the modified 
polystyrene wells were used with the ELISpot test with human peripheral 
blood mononuclear cells (PBMC) to measure the cytokine response. We 
suggested that the main driving force for adsorption for IgG on a PAH 
terminated multilayer is electrostatic attraction, whereas on PSS terminated 
multilayer the driving force is hydrophobic. Further, we suggested that IgG 
does not overcharge the surface and the linearity of the multilayer build-up 
is not altered when IgG is incorporated within the multilayer structure. We 
concluded that the cytokine response (spots) on the built multilayers 
regardless thickness or adsorbed IgG is significantly less than the regular 
polyvinyldiene fluoride (PVDF) backed ELISpot wells. We suggested that 
due to the compact and rigid nature of the PAH/PSS multilayer structure it 
is unable to form the kind of three-dimensional antibody-binding support 
found in the PVDF membrane. PSS terminated PAH/PSS multilayer did not 
induce any cytokine response whereas PAH terminated did, which suggests 
that PSS totally covers the surface from the cells point of view. 
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Sammanfattning 
 
Fokus i denna avhandling har varit att på en grundläggande nivå förstå 
salters påverkan på föradsoberade polyelektrolyter, både naturliga och 
syntetiska. Kunskapen från detta arbete applicerades sedan på ett 
kommersiellt system för att undersöka huruvida effektiviteten kunde 
förbättras.  
 
Vi byggde tunna lager av syntetiska polyelektrolyter genom att växelvis 
adsorbera dem (LbL-tekniken) på fasta ytor. Den bildade filmen brukar 
allmänt kallas för polyelektrolyt multiskikt. LbL-metoden möjliggör 
inkorporering av proteiner, polymerer och polyelektrolyter med olika 
funktioner och så vidare. Således, kan man uppnå polyelektrolyt multiskikt 
med olika funktioner.  
 
Det huvudsakliga använda mätinstrumentet inom denna avhandling var 
kvartskristallmikrovågen med energidissipations-registrering (QCM-D) som 
mäter massan inklusive inkorporerat vatten, samt den adsorberade filmens 
viskoelastiska egenskaper. QCM-D mätningarna kompletterades även med 
optiska mätningar, ”dubbel polarisationsinterferometri (DPI)”, som mäter 
ändringen i brytningsindex samt tjockleken. Från dessa två parametrar kan 
den torra massan och relativa vattenhalten i filmen beräknas. 
Atomkraftsmikroskopet (AFM) gav ytterligare information om krafterna 
som växelverkar mellan föradsorberade filmer.  
 
Vi undersökte effekten av salt på syntetisk polyelektrolyt poly(allylamin 
hydroklorid) (PAH)/poly(natrium 4-styrensulfonat) (PSS) multiskikt 
skapade med LbL-tekniken. Våra mätningar visade på att multiskikt 
uppbyggnaden var linjär och den interna strukturen av multiskiktet är av en 
kompakt och rigid natur. Dock har typen av sköljningsprotokoll (avbrytande 
av adsorption med salt, vatten och först salt sedan vatten) stor påverkan på 
det yttre lagret av det bildade multiskiktet. Det intressanta i detta fall är att 
dom strukturella ändringarna gäller bara när PAH är i det yttersta skiktet 
och mest signifikant när vatten användes som sköljningsprotokoll. Vi 
föreslår att bara det yttersta lagret sväller på grund av att motjoner sköljs 
bort vilket resulterar i ökad repulsion inom själva polyelektrolyten. Vi 
utförde även två-lager modell beräkningar med Voight metoden för att 
bekräfta QCM-D resultaten men även två-lager modell simulering för DPI 
datan för lösa ut tjockleken. Modell beräkningarna överensstämde med 
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varandra och vi kunde dra slutsatsen att det är endast det yttersta skiktet som 
sväller för just detta system.  
 
I ett relaterat experiment studerade vi adsorptionen av ”bovine submaxillary 
mucin” (BSM), som spelar en viktig funktion i slemhinnan, på olika tiol 
modifierade guld ytor. Vi studerade även effekten av salt (NaCl, CaCl2, 
LaCl3) på föradsorberat mucin på en hydrofobisk tiol modifierad guldyta. 
Saltet framkallade en expansion av filmen vid låga koncentrationer; högre 
koncentrationer resulterade i en kompaktering. Ökad valens på motjonerna 
resulterade i kompaktering vid lägre koncentrationer. Den strukturella 
förändringen av föradsorberat BSM är reversibelt i NaCl, till en del 
reversibelt i CaCl2 och irreversibelt i LaCl3. Dock kunde inte svällningen av 
BSM utredas fullt ut med QCM-D och därför studerades interaktionskraften 
av samma system med atomkraftsmikroskop (AFM). Resultaten påvisade att 
NaCl minskade längden på de utsträckta kedjorna på grund av skärmning av 
laddningar inom BSM molekylen. Ökad valens resulterade i en signifikant 
kompaktion redan vid mycket låga koncentrationer vilket antyder att 
jonerna binder till anjoniska domäner på BSM.  
 
I det sista arbetet försökte vi kombinera kunskapen från föregående arbeten 
genom att använda LbL-metoden på en kommersiell hälsovårdsapplikation. 
PAH/PSS multiskikt systemet användes till att belägga polystyrenebrunnar 
för att öka inbindningen av immunoglobulin (IgG). Huvudsakliga målet var 
att öka känsligheten av den konventionella enzym-länkade immunosorbent 
prick analysen (ELISpot) och de modifierade polystyrenebrunnarna 
användes i ett ELISpot test med mänskliga periferiella blod mononukleära 
celler för att mäta cytokine responsen. Vi föreslog att den huvudsakliga 
drivkraften för adsorption av IgG på en PAH avslutat multiskikt är 
elektrostatisk attraktion, medan på PSS avslutat multiskikt är drivkraften 
hydrofobisk. Vi föreslog också att IgG inte överladdar ytan och att den 
linjära uppbyggnaden inte påverkas när IgG inkorporeras i multiskiktet. Vi 
fastslog att cytokine responsen på de byggda multiskikten oberoende av 
tjocklek eller adsorberat IgG var betydligt lägre än på en omodifierat 
polystyrenbrunn med PVDF membran. Vi föreslog att på grund av den 
kompakta och rigida strukturen hos PAH/PSS multiskiktet gick det inte att 
skapa den typen av tre dimensionella antikropp inbindande miljö som finns i 
PVDF membranet. PSS avslutat multiskikt gav ingen cytokine respons 
medan PAH avslutat multiskikt gav cytokine respons vilket indikerar att 
PSS täcker multiskiktet helt från cellens perspektiv.  
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1 Summary of Papers 
 

Paper I 

 

This paper deals with the adsorption of Bovine submaxillary mucin (BSM) 
to different thiol modified gold surfaces as well as the effect of electrolytes 
on preadsorbed mucin to a hydrophobic thiol-modified Au surface. The 
mucin layer (preadsorbed from a 30 mM NaNO3 solution) was subjected to 
three different electrolytes with increasing cation valence, NaCl, CaCl2 and 
LaCl3. When the preadsorbed mucin layer is exposed to NaCl it expands at 
low concentrations whereas an increase of the NaCl concentration results in 
a more compact structure of the mucin layer, the effect of the salt were fully 
reversible. When the cation valence was increased a compaction of the layer 
was already observed at 1 mM. In the case of CaCl2 this process is partly 
reversible, whereas for LaCl3 it is not. We also realized that it was necessary 
to correctly adjust for the viscosity and density changes when interpreting 
the measured QCM-data to avoid overestimation of the sensed mass and 
dissipation. Further, the competition between the cations and DTAB for the 
negative sites on mucin was measured with turbidimetry. The measurements 
clearly showed that the cations counteract the association between DTAB 
and mucin in bulk solution. The effect increases with increasing cation 
valence. This paper also deals to some extent with the adsorption of mucin 
to surfaces with different surface chemistry. This was achieved by using 
thiolated gold surfaces. Three different gold surfaces where used with 
exposing COOH, CH3 and OH groups. Mucin adsorbed to all of the surfaces 
with highest adsorption on the hydrophobic and last to the uncharged 
hydrophilic surface. Furthermore, mucin adsorbed favourably to the 
negatively charged hydrophilic surface despite the fact that mucin has the 
same sign of charge as the surface.  
 
Paper II 

 

In this paper we report the forces acting between preadsorbed mucin layers 
measured with the AFM colloidal probe. The surfaces used was modified 
gold surface modified with mercaptohexadecane (16 carbon chain) 
rendering them hydrophobic. Analogous to paper I the effect NaCl, CaCl2 

and LaCl3 in the concentration range 1-100 mM was investigated. In the 
case of NaCl the tail length decreased when the electrolyte concentration 
increased. This is due to the effective screening of the negatively charged 
sites (mainly sialic acids) within the mucin molecule. For the cations with 
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higher valence there is a notable compaction already at a concentration of 1 
mM. The results strongly suggest that the ions bind to anioinic sites on 
mucin.  
 
Paper III 

 

This paper describes the effect of salt on layer-by-layer built 
poly(allylamine hydrochloride)/poly(sodium 4-styrenesulfonate) 
multilayers. The multilayer build-up from a 0.5 M KBr or NaCl solution is 
linear, independently of solution (salt, water or salt then water) used to stop 
the adsorption process. We concluded that the internal structure of the 
multilayer is compact and rigid. However, the type of solution used to stop 
the adsorption process has a significant effect on the structure of the 
multilayer and is only valid when poly(allylamine hydrochloride) is at the 
multilayer/liquid interface. When the rinsing agent for stopping the 
adsorption is pure water the most significant structural change occurs, the 
layer swells due to the removal of counterions resulting in intrachain 
repulsion. Hence, we suggest that the major channel of energy loss do not 
stem from the viscous deformation of the entire multilayer but from the 
mechanichal coupling between the multilayer and the liquid phase. The 
latter interaction is independent of the adsorbed amount but strongly 
depends on the structure of the surface layer. In order to confirm the 
conclusions made from the QCM-D data, two layer model calculations was 
done with the Voight model showing that the magnitude of swelling is 
approximately the same. A two layer calculation was also performed in 
order to resolve the thickness of the measured DPI signals. The two models 
were in god agreement with the measured data and thus we conclude that 
the swelling does indeed occur only at the outermost layer.  
 

Paper IV 

 

Poly(allylamine hydrochloride) (PAH)/poly(sodium 4-styrenesulfonate) 
(PSS) multilayers adsorbed from 0.15 M NaCl are used to coat polystyrene 
wells in order to investigate if the sensitivity of the conventional enzyme-
linked immunosorbent spot assay (ELISpot) can be enhanced. This is 
approached by investigating if the density of immunogloblulins (IgG, mouse 
monoclonals recognizing IFN )  can be increased on multilayer modified 
polystyrene wells. The multilayer build up in 0.15 M NaCl is linear and is of 
a rigid and compact nature. The water content of the multilayer calculated 
from DPI and QCM-D data is low. We suggest that the main driving force 
for adsorption for IgG on a PAH terminated multilayer is electrostatic 
attraction, whereas on PSS terminated multilayer the driving force is 
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hydrophobic. Further, we suggest that IgG does not overcharge the surface 
and the linearity of the multilayer build-up is not altered when IgG is 
incorporated within the multilayer structure. We conclude that the cytokine 
response (spots) on the built multilayers regardless thickness or adsorbed 
IgG is significantly less than the regular PVDF backed ELISpot wells. We 
suggest that due to the compact and rigid nature of the PAH/PSS multilayer 
structure it is not possible to form the kind of three-dimensional antibody-
binding support found in the PVDF membrane. PSS terminated PAH/PSS 
multilayer did not induce any cytokine response whereas PAH terminated 
did, which suggests that PSS totally covers the surface from the cells 
perspective.  
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2 Introduction 
 
The major aim within this work was to gain fundamental understanding of 
how ions affect the preadsorbed polyelectrolytes, both natural and synthetic. 
The synthetic polyelctrolytes investigated were poly(allylamine 
hydrochloride)) (PAH) and poly(sodium 4-styrenesulfonate)) (PSS), 
whereas the natural polymer was Bovine submaxillary mucin. The major 
advantage of working with polyelectrolytes is that they can easily form 
multilayers1,2 through layer-by-layer deposition. The simplicity of the 
method and the possibility to build films with oppositely charged 
macromolecules on essentially any type of charged surface, regardless of 
size and shape really caught my attention. The layer-by-layer method can 
also be applied to the world of biomolecules, since they are usually charged 
and the method works well for dilute and buffer solutions. For instance, 
proteins can be adsorbed onto, or incorporated into, polyelectrolyte 
multilayer structures, which allows construction of complex architectures 
with targeted properties. Thus, the possibility for creating thin films with 
biological activity is of great interest.  
 
This thesis can be divided into two major parts: 
 
The first part deals mainly with the effect ions on preadsorbed Bovine 
submaxillary mucin (BSM) used as received on thiolmodified gold surfaces. 
Partially we wanted to understand on how BSM adsorbs to surfaces with 
different chemistry. The techniques employed where the piezoelectric 

quartz crystal microbalance with dissipation (QCM-D) and the atomic force 

microscope (AFM). Together, the techniques provided complementary 
information about the structural changes of preadsorbed mucin when 
subjected to ions with increasing valence.  
 
The second part deals mainly with the effect of ions on multilayer 
structures, especially the effect of the type of solution used to terminate 
adsorption during layer-by-layer deposition. The system was investigated 
with QCM-D as well as with an optical technique called the dual 

polarization interferometry technique (DPI). Again, the combination of the 
two techniques supplies additional information on how the investigated 
system undergoes conformational change during termination of adsorption.  

 
The knowledge gained from investigating both natural and synthetic 
polyelectrolytes was then studied from an application point of view. The 
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main goal in that work was to try and increase the efficiency of the ELISpot 
assay, which is a method for monitoring immune response in humans as 
well as animals.  
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3 Background 

3.1  Polyelectrolytes  
 
Polyelectrolytes are polymers. Before defining a polyelectrolyte I think it is 
worth writing a few words about the basic structure of a polymer, which is a 
substance consisting of long molecular chains and is referred to as a 
macromolecule.3 A helpful image is a long entangled, three dimensional 
thread, rope, chain or wire. The long thread consists of repeating units, 
monomers, which are connected to each other by covalent chemical bonds. 
Monomers can have different atomic structures the simplest one being CH2 
groups. However, they are always organized into a chain of units.  

Some or all of the monomers in a polymer can bear an ionizable group 
that will dissociate in aqueous solution making the polymer charged, thus 
the macromolecule is referred to as a polyelectrolyte.4 The charged 
monomers can be divided into two types.  The first type contains a 
permanent charge e.g. the quaternary amine group; the second group 
contains ionizable groups e.g. primary amines and carboxylic acids, which 
dissociate in solution depending on pH. The degree of ionization is given by 
the pKa value, which is the pH where 50% of the monomers with ionizable 
groups are charged. Depending on the type of charged monomer the 
polyelectrolytes is categorized into weak and strong. The strong 
polyelectrolytes carries either a permanent charge or are fully charged in a 
wide pH spectrum (2-10), in contrast weak polyelectrolytes are only 
partially charged within this range and moreover their fractional charge can 
be modified by changing solution pH. The conformation of any polymer is 
affected by number of factors, where the polymer architecture and the 
solvent affinity play a big role. In the case of polyelectrolytes it is the 
charge density that mainly controls the conformation in solution and can be 
altered by varying the ionic strength of the solution, which screens the 
electrostatic repulsive forces between the charged groups in the 
polyelectrolyte chain. Additionally, changing the pH will also alter the 
conformation, when working with weak polyelectrolytes, since the charge 
density will be varied. Within this work the focus has been on two types of 
synthetic polyelectrolytes one weak poly(allylamine hydrochloride)) (PAH) 
and one strong poly(sodium 4-styrenesulfonate)) (PSS). 
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Figure 3.1: Depicts the chemical structure of polyelectrolytes used in this thesis. 

 

 

3.2 Driving forces for adsorption.  
 
The Gibbs free energy of adsorption determines the adsorption of a 
macromolecule to an interface:  
 

Gads = Hads T Sads        (3.1) 
 
Where the Gibbs free energy, Gads, depends on the change in enthalpy 
Hads , change in entropy, Sads  and the temperature T. The reason why a 

macromolecule adsorbs to a solid surface from a solution is that the there is 
a decrease of the overall free energy of the system, which means that Gads  
is negative. The adsorption process is governed by several intermolecular 
interactions: electrostatic forces, hydrophobic interactions, hydrogen bonds, 
entropy and van der Waal forces. Further, the importance of these 
interactions depends on type of solvent, polymer and surface. The driving 
forces belonging to the enthalpic contributions are the van der Waal forces 
and electrostatic interactions, which can be either attractive or repulsive. 
Entropic contributions can be liberation of ions from a charged surface 
and/or a polyelectrolyte chain, hydrophobic interactions, conformations 
change of a polymer due to adsorption and, finally, dehydration (removal of 
water molecules) from the polymer chain and/or the surface.  

For polyelectrolytes the coulombic (electrostatic) interaction is of 
importance (as mentioned in 3.1), which depends on three main factors: the 
surface charge density, the polymer charge and the ionic strength of the 
solvent.4  
The effect of charge density while the concentration of the solvent is fixed 
can be seen in Figure 3.2  
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Figure 3.2: A schematic illustration of how the structure of the adsorbed 

polyelectrolyte changes with the surface charge density of the surface and the 

polyelectrolyte chain. 

 
 
When the surface charge density is equal to that of the polyelectrolyte the 
polyelectrolyte will adsorb in a flat conformation, case a) in Figure 3.2. In 
case b) the charge density of the surface is higher than that of the adsorbed 
polyelectrolyte resulting in a conformation with more tails and loops, 
similarly the same conformation can be observed in the reversed case c) (i.e. 
the polyelectrolyte has a higher charge density than the surface). The 
positive and negative circles are counter ions needed to ensure charge 
neutrality of the complete system.  

 We now briefly consider how the polyelectrolyte charge and salt 
concentration will affect the conformation of a positively charged 
polyelectrolyte adsorbed to a negatively charged surface with a constant 
charge density. At low salt concentrations it is the degree of dissociation ( ) 
of the polyelectrolyte that will determine the conformation and amount of 
adsorbed mass on the surface. The adsorption will be high if  is low with a 
loopier and coiled conformation on the surface, while if  is high the 
conformation of the adsorbed polyelectrolyte will be more flat on the 
surface. Higher adsorption (adsorbed mass) at low  originates from the fact 
that the polyelectrolyte is more flexible and can pack more efficiently on the 
surface. For polyelectrolytes with high , an increase in the salt 
concentration of the solution will screen the charges on the polyelectrolyte 
chain, i.e. the polyelectrolyte become more flexible, and can adopt a more 
coiled structure. Hence, the adsorbed amount will be the same for both high 
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and low degree of dissociation ( ) with a loopy and coiled conformation on 
the surface. In the case of weak polyelectrolytes  is controlled by the pH of 
the solvent.4 

 

3.3 Layer-by-layer (LbL) assemblies 
 
The technique used to prepare thin films on a surface within the scope of 
this thesis has been the layer-by-layer deposition of oppositely charged 
polyelectrolytes. The technique is very simple, yet very versatile due to the 
fact that essentially any type of charged surface, regardless size and shape, 
can be used to deposit oppositely charged macromolecules.1,5,6 The method 
was introduced by Iler 2 in 1966 and the pioneering work was done within 
the field of colloidal particles. However, the large interest for the method 
started in the early 1990s when Decher et al. demonstrated that LbL could 
also be applied for polyelectrolytes1 and since then a vast number of 
publications concerning the LbL method has been published.  

The general workflow for building multilayers is depicted in Figure 

3.3. The starting material is a bare charged surface i) and it is immersed in a 
solution of oppositely charged polyions ii) depicted as red strands in Figure 

3.3. The adsorption of the polyion usually leads to charge overcompensation 
and thus the charge of the surface will be reversed. After rinsing the surface 
with a polyion free solution a new oppositely charged polyion is deposited 
(blue strands) on the surface and similarly to the previous step the 
adsorption leads to a charge overcompensation thus reversing the surface 
charge. This easy and simple process allows us to build virtually unlimited 
number of layers and the whole film is referred to as a polyelectrolyte 
multilayer film.  
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Figure 3.3: A schematic illustration of the LbL deposition of polyelectrolytes. 

 
 

The structure and the thickness of the film can be controlled by the 
number of deposition cycles and by adjusting the solvent properties during 
the LbL build-up. This is quite easily achieved by varying the solution pH 
and ionic strength as discussed in section 3.2. For weakly charged 
polyelectrolytes (pH controlled) there exists an intermediate charge density 
where the film will have the highest thickness.7,8 Further, by adjusting the 
salt concentration of the polyion solutions the multilayer thickness can be 
controlled.9 This is due to electrostatic screening of the charges on the 
polyelectrolyte chain, which results in coiling of the polymer chain, leading 
to a thicker layer. 

 It has also been shown that the type of counterion used in the 
deposition solution during of the multilayer build-up is of significance, and 
is often chosen with the aid of the “Hofmeister series”.10 The anionic part of 
the series goes as follows ClO4

- > SCN- > I- > NO3
- > Br- > Cl- > CH3COO- 

>HCOO- > F- > OH- > HPO4
- > SO4

2-, where the chloride ion is treated as a 
median. The ions can be divided into two classes with respect to Cl-. To the 
left of chloride the ions are called chaotropic (water structure breaking) and 
are large with a significant polarizability, a weak electric field and their 
hydration water is easily removed. To the right of chloride are the 
cosmotropic ions (water structure making), which are small ions with a 
relative small polarizability, high electric field at short distances and 
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strongly hydrated. Generally it has been found that the chaotropic ions 
create thicker layers.11-13 The effect of the anions is much larger than the 
cations because the anions have a much larger difference in polarizability 
than cations. This is due to the fact that the anion diameters vary more.11  

In the beginning many research groups reported that the charge 
inversion occurring after each adsorption step is a necessity for multilayer 
build-up e.g. reference.14 This charge reversal was experimentally measured 
leading many researchers to assume that the main (and only) driving force 
for multilayer build-up was attractive electrostatic interactions.15-17 A way of 
measuring the charge reversal is to measure the  potential (e.g. by 
electrokinetic measurements) which changes sign after each polyelectrolyte 
deposition.  

Another aspect that supports the electrostatic driving force argument is 
that a minimum charge density is required for the formation of 
multilayers.14,18 On the other hand, charge reversal requires energy and it is 
more likely that adsorption stops when the surface charge is neutral. 
Further, it is possible to form multilayers at high ionic strengths where the 
electrostatic attraction is effectively screened by the counterions.11 The 
realization of these counterarguments spawned other suggestions of possible 
driving force11,19 for adsorption such as hydrogen bonding20, hydrophobic 
interactions21 and entropy.22-24 Nevertheless charge inversion occurs and the 
most reasonable argument for multilayer formation is the release of 
counterions leading to a gain in entropy.  
 

3.4 The growth of multilayers 
 
The build-up of multilayers is also dependent of type of polyelectrolyte 
used. The literature frequently reports two types of growth with respect to 
thickness and adsorbed amount, namely the linear and exponential type of 
growth.11  

Synthetic polyelectrolytes that are  strong usually exhibit a linear type 
of growth25 and it is believed that the main reason for the linear build up is 
low diffusion and more stratified bilayers and the increase in layer thickness 
is independent of the number of deposited layers. 

 Weak polyelectrolytes are a more complicated issue where the 
thickness and adsorbed mass increase in a nonlinear fashion and in most 
cases the growth corresponds to an exponential increase. It is preferentially 
mostly natural polyelectrolytes (polypeptides and polysaccharides) that 
exhibit nonlinear build-up. Studies on polypeptides (e.g poly(l-lysine) and 
poly(L-glutamic acid)) suggest a so called diffusion theory, where one or 
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both of the polyelectrolytes diffuses within the film.26,27 The model is based 
on the fact that the contribution to the adsorbed amount comes from two 
parts, the first part is regular adsorption at the film interface by oppositely 
charged polyelectrolyte and the second part originates from the amount of 
free polyelectrolytes within the film that can diffuse and are available for 
complexation. The theory stems from measurements with the confocal laser 
scanning microscope (CLSM), where the out-of-plane (vertical) diffusion of 
fluorescence labeled polyions in thick films, (μm range) were visualized 
during build-up.27-29 For thinner films where the CLSM technique is of 
limited use the Fluorescence Resonance Energy Transfer (FRET) technique 
have been used to measure interlayer diffusion of dye-labeled chitosan in a 
layer-by-layer multilayer film consisting of chitosan and heparin.30 

 

3.5 Applications 
 
The versatility of the multilayer system has generated a wide range of 
potential applications in different areas such as chemical sensors31, 
photodiodes32, nonlinear optics33, optical devices34, drug delivery35,36, food 
applications37 and biomedical applications.38,39 Multilayer assemblies are 
promising for creating bioactive materials.40-43 Since biomolecules are often 
electrically charged and the LbL methods works well from dilute aqueous or 
buffer solutions, it is a promising method for assembling thin films with 
biological activity. For instance, proteins can be adsorbed onto, or 
incorporated into, polyelectrolyte multilayer structures, which allows 
construction of complex architectures with targeted properties. 

 It is possible to build multilayers on colloidal particles, which is of 
interest to the pharmaceutical industries. The colloidal particles can be 
dissolved and the result is hollow multilayer capsules that can be loaded 
with the active agent, further it is possible to control (light, heat etc.) the 
release of the drug from the capsules. In the field of optical devices 
multilayers can be used as an anti reflecting film, which is easily applied on 
any type geometrical object (just immerse the surface in the polyelectrolyte 
solutions). 

Some new commercial product can be found on the market, e.g. 
hemocompatible coatings for blood-contacting medical devices, 
electrochromic visor coating systems, hydrophilization of contact lenses, 
plastic coatings (Yaza sheets) for keeping vegetables and fruits fresh for 
weeks and free standing electrically conductive elastomeric nanocomposite 
films (metal rubber). 
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4 Experimental 

4.1 Quartz crystal microbalance 
 
The piezoelectric quartz crystal microbalance with dissipation (QCM-D) is 
basically an ultra sensitive scale.44 The heart of the technique is a thin disk 
made out of quartz with metal electrodes deposited on each side. By 
connecting the crystal to a driving oscillatory unit it can oscillate at its 
resonant frequency, f. Within the scope of this work so-called AT-cut 
crystals were used, which oscillates in a shear mode, Figure 4.1.  
 
 

 
 

Figure 4.1: The quartz crystal is connected to a driving oscillatory unit and upon 

adsorption the measured frequency will change. To the left is a picture of the QCM 

E-4 system. (Pictures used with permission from Q-sense) 

Connect to
a driving oscillatory
unit
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There are a wide variety of different materials that the surfaces can be 
coated with, i.e. gold, silicon oxide and stainless steel.45-49 Adsorption of a 
substrate in either gas, liquid or vacuum on the surface of the crystal 
manifests itself with a decrease of the resonant frequency and is measured 
by oscillating the crystal at different overtones (n=1,3,5,7 etc). 

The amplitude of the oscillating crystals amplitude is typically in the 
order of a few nanometers in water.50,51 Kanazawa52 also showed that the 
oscillations of the crystal creates an exponential decaying shear wave into 
the liquid which can be calculated according to Rodahl et al.53 In water the 
decay length is approximately 250, 140, 110 nm for the fundamental, third 
and fifth overtone, respectively. It is important to notice that the viscosity 
and density of the solution determine the decay length of the shear wave.  

It was Sauerbrey54 that first showed that the decrease in frequency is 
related to the adsorbed mass, Equation 4.1, in vacuum. As long as the 
adsorbed mass is less than the mass of the crystal and is evenly distributed, 
rigidly attached with no slip or deformation due to the oscillatory effect 
Equation 4.1 is valid. 

 

m =
qtq fn
nf0

     (4.1) 

 
Where q is the specific density of quartz (2658 kg/m3), tq is the effective 

thickness of the quartz crystal (3.3 10 4m) , fn  is the change in resonance 
frequency for overtone n and f0  is the fundamental frequency (4.95 MHz) 
of the quartz crystal in air. Rodahl et al.44,55,56 further developed the 
technique by rebuilding the system to allow measurements of the Q-factor. 
By momentarily disconnecting the applied current and measure the 
sinusoidal decay the Q-factor can be calculated from the decay time 
constant. It is more convenient to use the reciprocal value of Q defined as D, 
the dissipation. 
 

D =
1

Q
=
EDissipated

2 EStored

     (4.2) 

 
EDissipated  is the energy dissipated during one period of oscillation and 

Estored  is the energy stored. Equation 4.2 clearly shows that the dissipation 
is a dimensionless parameter that describes how under-damped an oscillator 
or resonator is. Low values of dissipation translate into a low energy loss of 
the measured system and vice versa high-energy loss to high dissipation 
values. The dissipation is very useful when interpreting data since it 
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provides information about the interaction between the adsorbed layer and 
the surrounding media. Generally a flat and rigidly adsorbed species gives a 
low dissipation, whereas a loosely dangling bound species give a high 
dissipation. Therefore the dissipation can be viewed as a way to measure the 
rigidity and/or viscoelsticity of an adsorbed film56 (Figure 4.2). 
 
 

 
 

Figure 4.2: The sinusoidal decay curve for a rigid and viscoelastic film, 

respectively. (Pictures used with permission from Q-sense) 

 
 

Usually the Sauerbrey equation is used to calculate the mass in liquid. 
However, it is only a good approximation of the mass when the measured 
dissipation is less than 10-6/5 Hz of f .

57,58 Measurements in a liquid 

environment are not always straightforward due to changes in density and 
viscosity. These changes affect the measured frequency and dissipation. It is 
also customary to refer to the calculated mass as the sensed mass or 
apparent mass. This is due to that the frequency shift comprises of the 
adsorbed matter including the coupled liquid within and close to the surface 
and can also be affected by the viscoelastic properties of the film.  

Another important consideration that needs to be taken into account is 
that changing the type of electrolyte or electrolyte concentration of the 
buffer media also changes the density, , and viscosity,  of the solution in 
the measuring chamber. The direct effect will be a change in frequency shift 
as well as the dissipation, which is not related to the adsorbed layer. Gordon 
and Kanazawa52,59,60 proposed a model to calculate the frequency shift due 
to the effect of type of electrolyte and electrolyte concentration (Equation 

4.3).  
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fn = n f0
3
2 ( s0 s0

μq q

)
1
2 n f0

3
2 ( s s

μq q

)
1
2    (4.3) 

 
The subscripts s0 and s denote the reference electrolyte and electrolyte, 
respectively. The reference electrolyte can be water as well as buffer. μq  is 

the shear wave velocity of quartz (2.95 *1010 kg/ms2). 
The shift in dissipation due to changes of the bulk solution can be 

calculated by the equation proposed by Rodahl and Kasemo.53 
 

Dn = n
1

qtq

s s

2 fn
n
1

qtq

s0 s0

2 fn
    (4.4) 

 
A more accurate way of converting the frequency change to mass is 

using the Johannsmann model.61 The method uses QCM data from several 
overtones in order to create a regression line from which the sensed mass 
can be derived. We still have to bear in mind that the sensed mass still 
means contributions from solvent oscillating with the crystal as well as the 
species that are adsorbed. The advantage in this method, making it more 
accurate than Sauerbrey, is that it takes into account the viscoelasticity of 
the adsorbed layer. Johannsmann used the impedance and shear modulus of 
a quartz resonator to derive a relationship between the change in frequency 
and material properies of the quartz resonator and the adsorbed layer.  
 

f = f0
1

qμq
d + J( )

3 2d3

3

 

 
 

 

 
     (4.5) 

 

Where  is the angular frequency, f  is the complex frequency, d  is the 

thickness of the film, J( )  is the complex shear compliance. The above 
equation can be transformed into a more useful form by introducing a new 

parameter called the equivalent mass, m  defined as:  
 

m =
qμq

2 f0

f

f
        (4.6) 

 
Where f  is the resonant frequency of the crystal in contact with solution. 
This definition can be inserted into Equation 4.5 obtaining:   
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m = m0(1+ J( )
2d2

3
)        (4.7) 

 
The parameter m0 is the mass that is the sought value and is always given in 
mass per area. The mass can be calculated under the assumption that the 
complex shear compliance is independent of the frequency. It is 
straightforward to investigate that this assumption holds as well as 
calculating m0 and is done by plotting the equivalent mass against the square 
of the resonant frequency for different overtones. If the plot reveals a good 
linearity the mass can be extracted from the intercept and the above-
mentioned assumption holds true. It is important to bear in mind that the 
extrapolated mass is not the dry mass.  
 

The Johannsmann method was successfully used in Paper I. However 
in Paper III the important assumption that the complex shear compliance is 
independent of the frequency broke down. Therefore the so-called 
Voight62,63 model is invoked to first and foremost calculate the thickness of 
a film. The equations within the model are solved by using a software called 
Q-tools provided by Q-sense. A purely viscous damper and a purely elastic 
spring connected in parallel usually represent the Voight model and is a 
general solution of the wave equation. The theory is thoroughly described 
elsewhere.62 In short the change in frequency and dissipation is related to 
the viscoelastic properties of the adsorbed film and in bulk liquid the 
following equations apply: 
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Where μ j  is the shear modulus, h is the thickness of a film, respectively and 

=
2

 is the viscous penetration depth of the shear wave in the bulk 

liquid. 
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Figure 4.3 A schematic picture of the two-layer model used in the calculations 

using the Voight model. 

 

 
In Paper III the multilayer system was analyzed as a two-layer model 

(See Figure 4.3). The software solves the equations by using measured 
frequency and dissipation at different overtones with assumed values of the 
layer densities and the layer closest to the surface (subscript 1 in Figure 4.3) 
viscosity, shear and thickness (easily calculated with Equation 4.1 and the 
assumed density of the sublayer closest to the surface, subscript 1 in Figure 

4.3). The estimated values obtained are viscosity, shear modulus and 
thickness of the adsorbed film facing the bulk. The major drawback with the 
model is that the film properties need to be estimated. However, the 
intention of using the model within the scope of this work was to 
qualitatively investigate the behavioural trends of the studied film.  
 

4.2 Density 
 
In order to calculate the true sensed mass in Paper I the density of the 
solutions needed to be measured. For this purpose an Anton Paar DSA 5000 
densiometer were used. The density is measured by the so called oscillating 
U tube principle that is the shift in resonant frequency is coupled to the mass 
of the sample. The sample is injected in a U shaped glass capillary with 
known volume and temperature control. The resonant frequency is 
measured and the device calculates the density of the injected fluid.  
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4.3 Viscosity  
 
The resistance of a fluid, which is being deformed by either shear stress or 
extensional stress, is called viscosity. In common tongue the viscosity is 
referred to as “thickness”. Water has low viscosity, whereas a good “thick” 
sauce has higher viscosity. Viscosity describes a fluids internal resistance to 
flow.  

The viscosity can be measured with a viscometer. The most common 
way of measuring the viscosity is to measure the time it takes for a fluid to 
pass a capillary tube. Ubbelohde and others have further refined this 
method.64,65  
 

4.4 Dual polarization interferometry 
 
The dual polarization interferometry technique66 (DPI) is an optical method, 
which provides information of changes in thickness and refractive index of 
an adsorbed film. The name of the set-up is AnaLight BIO200 from Farfield 
Sensors Ltd, UK. The crucial part of the system is the substrate surface, 
which is a nitrogen doped silica waveguide with a sandwiched chip 
structure of two horizontally stacked waveguides that are separated by an 
isolations layer (see Figure 4.4). The light source is a laser beam and has a 
fast liquid crystal switch that enables switching between the two plane-
polarized states, transverse electric (TE) and transverse magnetic (TM). One 
is parallel and the other one is perpendicular to the surface. The laser enters 
through the short end of the chip, where it is split and travels through two 
wave-guides (reference and sensing). When the two beams leave the chip 
they diffract and interfere with each other. The interference can be detected 
by a CCD camera in form of a fringe pattern in the farfield (Figure 4.4).  

The sensing waveguide will emit an evanescent field that is affected 
by changes in refractive index close to the surface and thus adsorption on 
the surface can be detected. This change in refractive index causes the light 
propagating through the sensing waveguide to be altered. The reference 
waveguide is unaltered and hence there will be a phase shift between the 
two signals, which is detected from the shift in the fringe pattern in the 
farfield defined as:  
 

= k0L Ns          (4.10) 
 
Where k0 is the free space wave number, L is the interaction length and Ns  
is the effective index change in the upper waveguide mode. The TM and TE 
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signals each give independent Ns values, which in turn satisfies a large 
number of thicknesses and refractive indexes. By combining the two 
polarization modes it is possible to resolve a unique thickness (df) and 
refractive index (nf) for the adsorbed layer (Figure 4.4). However, the 
multilayer system structure under certain conditions can be more complex 
and a single layer solution is simply not enough when resolving data from 
the DPI. For instance, if the bulk-facing layer swells to such an extent that 
the refractive index of the layer becomes close to that of water the result is 
that the resolved thickness will only comprise of the denser layers and the 
top layer will not be accounted for. This means that in order to resolve 
thickness of the part with a low refractive index more advanced calculations 
are needed. The film is divided into two sublayers on inner and one outer 
and the assumed layer structure will be comprised of four parameters 
(refractive index and thickness for the inner and outer sublayer). However, 
the DPI only provides two signals and thus it is not possible to resolve a 
unique layer structure. Instead the effect of the swelling of the outer 
sublayer on the DPI signal can be calculated and compared to the measured 
signals. The following equation is employed:  
 

top = n d2 = (n2 n(H 2O ))d2 = const     (4.11) 

 
At the initial state it is assumed that both sublayers have high refractive 
index and the thickness of the outer sublayer is small. Further, it is assumed 
that only the outer sublayer swells thus, the adsorbed amount is constant. 
Hence, by using the DPI software it is possible to calculate the change in 
signal by solving Equation 4.11 for a range of refractive indexes.  
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Figure 4.4 A schematic picture of the DPI technique. Printed with permission from 

Farfield Group Ltd, UK.  

 
 

4.5 Atomic Force Microscope 
 
The atomic force microscope (AFM) was invented by Binning et al.67 Due 
to the high resolution the AFM is mainly used for imaging.68-70 However, 
this is not the only application found for AFM. For instance interaction 
forces between different objects71,72 and within proteins can be 
measured.73,74 

An AFM consists of a laser together with a detector, scanners to move 
a sample (or the probe) in three perpendicular directions and a cantilever 
with a probe se (Figure 4.5).  
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Figure 4.5 A schematic picture of the AFM. Reproduced from Paper II and Lachlan 

Grant is acknowledged for permission to use original picture.   
 
 
As can be observed in Figure 4.5 the idea behind the AFM technique is to 
reflect a laser beam on the free end of a cantilever. The reflected beam is 
then detected by a photodiode, which is sensitive to position changes of the 
cantilever as it is bending or twisting. Thus, it is the cantilever that is the 
sensing part of the AFM. The cantilever probe is normally mounted as a 
sharp tip at the free end.  
 
Within the scope of this work the AFM where mainly used to measure 
forces75 between preadsorbed mucin layers using the colloidal probe 
technique.76,77 The normal spring constant was determined by the method 
based on the thermal noise with hydrodynamic damping.78 
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5 Substrates 

5.1 Surfaces  

5.1.1 Modified Gold surfaces 

 
It is well known that long-chained alkanethiols adsorbs spontaneously onto 
a clean gold surface. The monolayer films that forms with time are densely 
packed and highly ordered both in the plane of the monolayer and 
perpendicular to it.79,80  
  This facilitates the creation of oriented organic monolayer films with 
nearly unlimited functional groups. Especially, using alkanethiols with the 
molecular formula of HS(CH2)-X it is possible to create monolayer surfaces 
with densely packed, ordered X groups for studies in air or liquid, X can be 
either a CH3, COOH or OH group. The hydrocarbon chain needs to be at 
least ten carbon atoms long in order to obtain densely, high ordered self 
assembled monolayers (SAM). This is due to energetically favourable van 
der Waals interactions with adjacent chains.81 In Papers I and II thiol 
chemistry were used to modify the gold surfaces.  
 

5.1.2 Silica  

 
In Papers III and IV silica surfaces were used.82,83 In passing it is observed 
that that the silica surfaces between the different techniques (DPI and QCM-
D) are not identical. However, after the cleaning procedure of the silica 
surfaces the contact angle is below 10°. 

The negative charged of silica stems from the dissociation of silanol 
groups and it is important to know that the surface charge varies with pH, 
electrolyte concentration and cleaning process.  
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6 Materials 
 
The main materials and their characteristics used within this work are 
summarized in Table 6.1  
 
 
Table 6.1 A summary of the physical properties of molecules used within this work. 

Molecule 
Mw 

g/mol 
Type Charge pKa 

Poly (allylamine 

hydrochloride) (PAH) 
70 000 Weak Positive  10 8 

Poly (sodium 

4-styrenesulfonate) (PSS) 
70 000 Strong Negative < 1 

Poly (ethylene imine) 

(PEI) 
25 000 Weak Positive  

Mucin (bovine 

submaxillary gland) 
7*10-6 - Net negative 

Sialic acid  2.6 and 
sulfate  1 

 

 

 

6.1 Polyelectrolytes used 
 
The structure of the used polyelectrolytes can be found in Figure 3.1, 
analogously information about the classification and behaviour under 
different conditions can be found in the Background of this thesis. 

The build up of PAH/PSS1,5 system was one of the first systems 
studied. Although the PAH/PSS combination is almost a model system for 
multilayer build up it is not yet fully understood. Applications within 
membrane technology84 and drug delivery85 have been proposed for this 
particular system. 
 

6.2 Mucin 
 
The name mucin encompasses a large group of heavily glycosylated 
proteins. The biological role of these proteins is to act as a protective and 
lubricating layer on internal surfaces of animals and humans. They can bind 
to pathogens and thus are a part of the immune system. In Paper I and II the 
focus lies on a mucin that is secreted on mucosal surfaces and in saliva 
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called Bovine submaxillary gland mucin, BSM, and will henceforth be 
simply referred to as mucin.  

The polypeptide backbone of mucin has highly glycosylated regions 
separated by less densely glycosylated, naked, regions. In the highly 
glycosylated regions 50 % of the amino acids consist of threonine or serine 
and these sections are saturated with O-linked oligosaccharide (N-linked 
oligosaccharides are also present but much less abundantly) side chains, 
both linear and branched. The typical carbohydrate residues found in 
mucins are N-acetyl-glucosamine, N-acetyl-galactosamine, galactose, 
fructose and sialic acid.86 The different types of sugar typically constitutes 
about 70-80% of the mucin mass.86,87 The “naked” amino- and carboxy-
terminal regions are scarcely glycosilated and the region is rich in cysteins 
that facilitate disulfide linkages within and among mucin sub chains.  

The pKa-value of mucin is reported to be 2.688 due to the presence of 
sialic acid groups leading to an anionic polyelectrolyte character in most 
solution pHs. Further, there is also a small fraction of sulphate groups 
present (pKa below 1).  

The adsorption of mucin to different types of interfaces is of special 
interest in biomaterial applications.89,90 For instance, Shi et al. demonstrated 
that using mucin coatings on surfaces increases the resistance to bacterial 
adshesion.91,92 The mucus layer is also interesting for a primary target for 
oral drug delivery.93,94 Another interesting question is how pollution of or 
environment affects the mucins and hence a part of our immune system.  
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7 Results and discussion  
 
Section 7 will summarize and discuss the results that were particularly 
interesting in this work. For a full description of the results, the reader is 
referred to the articles appended at the end of this thesis. 
 

7.1 Mucin layer response to ions  
 
This section discusses the effect of salt on preadsorbed mucin layers, as well 
as, adsorption of mucin onto thiol modified Au surfaces using data from 
Papers I and II. The discussion will start by addressing the driving force for 
adsorption of mucin on different alkylthiol modified Au surfaces. The 
adsorption of mucin from 30 mM NaNO3 to three different alkylthiol 
modified surface were studied (Paper I). The measurements were performed 
with the QCM-D and the alkylthiols were terminated with COOH, CH3 and 
OH groups, respectively. In the case of a COOH terminated gold surface, 
mucin readily adsorbs despite the fact that both mucin and the surface are 
negatively charged. However, the experiments where conducted in 30 mM 
NaNO3 where the Debye length is 1.8 nm, thus the added salt can screen the 
interaction between surface and charges in the outer regions of the mucin 
molecule. Thus we propose that the positive amino acid residues that are 
present in mucin give rise to an electrostatic attraction between the surface 
and mucin. An additional contributing driving force may be hydrogen 
bonding between the surface and mucin originating from carboxylic acid 
and sulfate groups located at the terminal groups of the oligosaccharide side 
chains present in mucin molecules.95,96 Mucin also adsorbs strongly to the 
non-polar surface (CH3) and the main driving force proposed is hydrophobic 
interaction, i.e. the removal of non-polar contacts between water and the 
non-polar parts of mucin as well as water-surface contacts. On the last 
surface (OH terminated) mucin adsorbs to a very small extent since neither 
electrostatic nor hydrophobic interactions are of importance. However, there 
is some limited adsorption and a possible explanation is that hydrogen 
bonds form between the mucin and the surface. We do not suggest that 
mucin/water and surface/water hydrogen bonds are weaker than 
mucin/surface hydrogen bonds. Instead, if the free-energy change, including 
entropy changes, associated with the adsorption process is negative, then it 
would contribute to the adsorption driving force.  
 



7. Results and discussion 

 

27 

The rest of this section will address the effect of salt on preadsorbed mucin 
layers. The adsorption of mucin from a 30 mM NaNO3 solution is carried 
out on hydrophobic surfaces (CH3) in the same manner as mentioned 
previously. Subsequently, the surfaces are subjected to NaCl, CaCl2 or 
LaCl3 with stepwise increasing concentrations (1, 10, 50 and 100 mM). The 
response is studied with QCM-D and AFM colloidal probe measurements. 
By combining the two techniques additional information was obtained.  
 

 
Figure 7.1: The change of sensed mass and dissipation at different concentrations 

of NaCl. “Total response” is the sensed mass calculated from the Sauerbrey 

equation.” Layer response” corresponds to corrected data where viscosity and 

density changes in bulk solution have been taken into account (eq. from sec 4.1). 

“The true sensed mass” is calculated from Johannsmann´s model. The dashed line 

is values in 30 mM NaNO3. 
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Figure 7.2: Force normalized by radius between mercaptohexadecane modified 

gold surfaces (a flat and a colloidal probe) with a preadsorbed mucin layer as a 

function of separation. The forces were measured across a range of NaCl solutions. 

 
 
The sensed mass and dissipation for preadsorbed mucin measured with 
QCM-D is depicted in Figure 7.1. The first interesting information 
illustrated in the figure is the importance of correcting for the influence of 
density and viscosity changes in bulk due to the change in electrolyte 
concentration. This is visible as the difference between the data points 
(squares and crosses) especially at high concentrations (100 mM NaCl) and 
for increasing cation valence (Paper I). There is also a deviation between the 
filled squares (Sauerbrey method) and crosses (Johannsmann´s method). 
This deviation is especially pronounced at lower concentrations (1 and 10 
mM) where the dissipation value is high. Further, there is an interesting 
deviation in the graph at 1 mM where the dissipation is higher than at all the 
other concentrations and the sensed mass is the lowest value represented in 
the graph. This is at first glance not logical because the layer is irreversibly 
adsorbed as proven by the complete reversibility of the effect of NaCl 
(Paper I). In order to understand this better AFM force curves of the same 
system must be considered (Figure 7.2). The steric repulsion in 1 mM NaCl 
has a range of 700 nm showing that the extended layer consisting of tails 
extending from the surface is at least 350 nm thick. By considering that the 
decay length of the acoustic wave of the QCM it is approximately 200 nm, 
it becomes clear that the QCM-D cannot sense the entire layer and thus the 
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data does not reflect the state of the whole layer. Thus, for such a thick layer 
QCM-D data cannot be trusted.  
 
It is quite evident that the conformation of the preadsorbed mucin layer in 
1 mM NaCl stems from intramolecular electrostatic repulsion, mainly 
between the sialic acids groups present in mucin. Increasing the electrolyte 
concentration leads to screening of the charges and facilitates a compaction 
of the mucin layer already at 10 mM (the range and strength of the 
interaction becomes smaller). At higher concentrations (100 mM) a minor 
reswelling appears to occur and is verified by a slight increase in the 
repulsion below 10 nm. Thus it can be concluded that it is the electrostatic 
repulsion that governs the conformation of the mucin layer in the case of a 
1:1 electrolyte.  
 
As mentioned before the effect of NaCl on mucin is fully reversible. 
Further, in Paper I it is illustrated that the effect of Ca2+ is partially 
reversible and that of La3+ is irreversible.  
 
It is possible to evaluate the QCM-thickness by Equation 7.1.57 This 
requires that the adsorbed mass ( ) is obtained, e.g. from reflectometry and 
the sensed mass (m0) calculated using Johannsmann´s model from QCM-D 
measurements.   
 

dQCM =
m0

eff

=
m0

m m0

+ s 1 m0

 

 
 

 

 
 

     (7.1) 

 
Where eff  is the effective density of the layer, m  is the density of mucin 

where a typical value from literature97 is chosen (1.4 g/ml) and s is the 
density of the solvent. The equation above is based on a shear model that 
assumes that all material starting with the segments that are in direct contact 
with the surface and up to dQCM oscillates with the crystal and thus fully 
contributes to the sensed mass. Material outside the mentioned range is 
assumed to not oscillate with the crystal and does not contribute to the 
sensed mass. This assumption is obviously a simplification, as are the 
optical methods for evaluating the ellipsometric thickness. In a previous 
study98 it has been shown that the thickness obtained from QCM is similar 
to that of a thickness measured with the ellipsometer given that the layer is 
relatively compact and homogenous. This is not expected to be the case for 
more diffuse polymer layers because the thickness from the ellipsometer is 
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directly influenced by the segment density profile4, whereas the thickness of 
the QCM is directly influenced by the amount of water that oscillates with 
the crystal and this quantity is at present an unknown function of the 
segment density profile. In the case of the presented mucin layers (depicted 
in Figure 7.3) the thickness (dQCM) calculated is only a qualitative value 
where a decrease in thickness signifies a reduction of water content of the 
adsorption layer and thus a contraction of the layer.  
 

 
 
Figure 7.3: The QCM thickness calculated with Eq.7.1, by using an adsorbed mass 

of 1.8mg/m
2
 obtained from Dedinaite et al.

99
 for different mucin-electrolyte 

combinations.  

 
 
The first interesting aspect is that the thickness calculated from the QCM 
data (Figure 7.3) is orders of magnitude lower than the range detected with 
AFM (Figure 7.2 and in Paper II). This difference is indeed expected. When 
measuring the thickness of an adsorbed diffuse polymer layer the actual 
results will depend on the measuring technique used. Surface force 
measurements and measurements of hydrodynamic thicknesses e.g. 
dynamic light scattering, are extremely sensitive to the longest tails and thus 
the obtained thickness will be of a high value. Models used to obtain the 
QCM thickness, and also the ellipsometric thickness, are insensitive to a 
small fraction of long tails. In conclusion, the range of the measured forces 
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is coupled to the length of the longest tails and the QCM thickness provides 
additional information related to the amount of water hydrodynamically 
coupled to the layer in question.  
 
Through the entire concentration range in Figure 7.3 the thickness in CaCl2 
solution is lower than that in NaCl solution. Thus, the presence of Ca2+ ions 
lead to the expulsion of water, probably from the inner part of the adsorbed 
layer where the trapped water is expected to be, as well as a reduction in the 
range of the steric force (Paper II) that reflects the length of the tails. The 
last salt to be considered is LaCl3 and at 1 mM the QCM thickness is 
smallest when comparing between all three salts, demonstrating the 
compacting effect of the trivalent ion. When the LaCL3 concentration is 
increased the thickness increases as well, indicating incorporation of water 
due to swelling of the inner part. We attribute this to recharging of the layer, 
as can be seen in Paper II.  
 
The main conclusions drawn from these two investigations are the 
following: The low amount of mucin adsorbed to an uncharged hydrophilic 
surface is due to two features; there is no electrostatic or hydrophobic 
interaction between mucin and the surface. Monovalent salt (NaCl) induces 
a compaction of the adsorbed mucin layer with increasing concentration, 
and this effect is fully reversible. The reason for the compaction is the 
electrostatic screening of interactions between the negatively charged sialic 
acid groups in the mucin layer. In the case of doubling and tripling the 
valence of the cation (Ca2+ and La3+) compaction of the mucin layer starts 
already in very dilute solutions (1 mM). The effect cannot be explained 
solely by considering long-range electrostatic interactions due to variations 
in Debye-length, suggesting that the cations bind to oppositely charged sites 
on the mucin.  
 

7.2 The effect of ions on multilayer buildup 
 
In the previous section the effect of salt on preadsorbed BSM was 
discussed. This section will also focus on salt effects. However, the studied 
substrate is a multilayer built from oppositely charged synthetic 
polyelectrolytes, whereas mucin simply can be viewed as a natural 
polyelectrolyte. The surfaces used in Papers III and IV are silica and 
polystyrene, respectively. I will also emphasize that using different 
measuring techniques on a given system can reveal additional information, 
which a single technique by itself cannot provide.  
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Figure 7.4: : ,  corresponds to the adsorption step from 0.5 M KBr for PSS and 

PAH, respectively. ,  corresponds to the adsorption step from 0.5 M NaCl for 

PSS and PAH, respectively. The filled star symbol is the first adsorption step with 

PEI from either NaCl or KBr solution (0.5 M). Unfilled symbols represent the 

rinsing step with the (polyelectrolyte free) salt solution (top left) and red symbols 

represent the rinsing step with pure Milli-Q water (top right). The lower left graph 

depicts rinsing with both salt and water. Lower right graph depicts the normalized 

frequency vs. dissipation for an adsorption step.  

 

 

Figure 7.4 depicts the multilayer build-up of PAH/PSS (adsorbed from 
0.5 M NaCl and KBr, respectively) as measured with QCM-D for three 
rinsing protocols (top left: salt rinse, top right: water rinse, bottom left: first 
salt rinse then water rinse) for ending the adsorption process. As can be 
observed in the figure the build-up is linear independently of the applied 
rinsing protocol and is usually explained by restricted mobility of the of the 
polyelectrolyte chains within the multilayer.100 The multilayer build-up is 
faster in potassium bromide solution due to the fact that bromide is larger 
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and has a bigger polarizibility with a weaker electric field and the hydration 
shell is more easily removed. Thus, bromide ions interact better with the 
polyion resulting in thicker layers due to weaker intra chain repulsion and 
more coiling, which is in line with the so called “Hofmeister series”.12  
 
 

 

Figure 7.5 : ,  corresponds to the adsorption step from 0.5 M KBr for PSS and 

PAH, respectively. ,  corresponds to the adsorption step from 0.5 M NaCl for 

PSS and PAH, respectively. The filled star symbol is the first adsorption step with 

PEI from either NaCl or KBr solution (0.5 M). Unfilled symbols represent the 

rinsing step with the (polyelectrolyte free) salt solution (top left) and red symbols 

represent the rinsing step with pure Milli-Q water (top right). The graph in the 

bottom depicts rinsing with both salt and water. 
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The rinsing protocol has a significant effect on the properties of the 
multilayer as can be seen in Figure 7.5. However, the first important 
observation is that the structural differences between the rinsing protocols 
applies only when PAH is at the outermost layer.  
 
During the adsorption steps the energy dissipation is independent of the 
layer number and rinsing protocol, thus it can be concluded that the internal 
structure of the multilayer is of a dense and compact nature and also that the 
major channel of energy dissipation is the mechanical coupling between the 
multilayer and the liquid phase. This conclusion is further supported by 
observing the dissipation vs. frequency of the polyelectrolyte adsorption 
steps, which indicate a frequency independent energy dissipation during 
adsorption (bottom right graph in Figure 7.4). 
 
We arrive at same conclusions as above by observing the change in 
refractive index (Paper III), where the refractive index increases with 
number of layers and levels of at a value of approximately 1.5, which is 
close to the refractive index of glass. This suggests that the multilayer 
consists of an increasing dense inner part and an outer part that have high 
water content (optically less dense.) Thus, with increasing layer number the 
change in refractive index becomes smaller. 
 
The results from LbL on QCM-D using the first rinsing protocol are 
depicted in the top left graph in Figure 7.4 and 7.5 and termination of 
adsorption is done with the respective salt used for the build-up. Rinsing 
with salt solution decreases the sensed mass and slightly the dissipation 
indicating a slight removal of polyelectrolyte from the surface. A similar 
decrease in sensed mass and dissipation is present in the second rinsing 
protocol (top right graph in Figure 7.4 and 7.5) when PSS adsorption is 
aborted with water. However, PAH undergoes a significant structural 
change when rinsed with water. The sensed mass in this case increases 
slightly while the dissipation increases an order of magnitude. The material 
is not rinsed away; instead it gets trapped and starts to swell due to the 
decrease of the ionic strength and higher intra chain repulsion. This effect is 
larger in the KBr case due to more coiling. Increasing the salt concentration 
(after water rinse) in both cases (NaCl and KBr) leads to some desorption 
and a decrease in dissipation to the same value as during the adsorption step 
(Paper III), in conclusion some of the trapped material is removed upon 
increasing the concentration for both cases NaCl and KBr, respectively. The 
last rinsing protocol (Figure 7.4 lower left graph and 7.5 bottom graph) is 
where the adsorption is terminated with salt and then rinsed with water. The 
salt rinsing step behaves similarly to the first rinsing protocol. Again, 
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structural changes occur when bulk facing PAH is rinsed with water. In the 
case where 0.5 M KBr is used during build-up and as rinsing agent for 
termination of the build-up the change in dissipation upon water rinse is 
approximately 2/3 of the dissipation change observed in the second rinsing 
protocol accompanied with a slight increase in sensed mass. The situation is 
different when NaCl is used where the sensed mass decrease and the 
dissipation seems to increase with increasing layer number upon water 
rinse, where the largest value is 50% of the values in the second rinsing 
protocol. It is thus clear that the properties of the outer layer are strongly 
affected by the nature of the anion present in solution. We suggest the 
following mechanism: During salt rinse some of the less tightly bound 
chains can desorb. In the NaCl case the coiling and inderdigitation is 
smaller than in the KBr case. Thus, the first salt rinse is sufficient to remove 
less bound, dangling, chains resulting in no increase in dissipation during 
water rinse. As more polyions are adsorbed the surface roughness could 
increase, which in turn favors interdigatation and thus desorption of the 
loose bound polyelectrolytes become less perfect resulting in a swelling 
when rinsing with water. When KBr is used to rinse the surface the coiling 
is larger and thus interdigatation is also larger resulting in less removal of 
loosely bound polyelectrolyte and subsequently the PAH layer swells upon 
exposure to water.  
 
In addition DPI measurements were performed using the second rinsing 
protocol. The results are in excellent agreement with the conclusions above 
(Paper III).  
 
The significant increase in dissipation upon rinsing a bulk facing PAH layer 
deserves further attention. As mentioned in Section 4.1 the use of 
Sauerbreys equation (Equation 4.1) under high viscoelastic conditions 
results in an underestimation of the sensed mass. To confirm the above 
conclusions model calculations of the increase in thickness was done by 
using the Voight model described in Section 4.1 on results from the second 
rinsing protocol. The change in calculated thickness is approximately the 
same (differing approximately 5 nm) regardless of number of layers. This 
strongly suggests that the magnitude of swelling is approximately the same 
regardless of the thickness of the inner sub-layer and that it is only the 
outermost PAH layer that swells.  
 
The change in optical thickness (Paper III) of a PAH layer, resolved from a 
single layer method, upon rinsing with water is significantly smaller than 
the calculated thickness provided from the Voight model. Thus it is clear 
that the single layer model cannot resolve the observed swelling and a two-
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layer model are used according to Equation 4.11. The result of the 
calculation is depicted in Figure 7.6 (left figure). As the PAH layer starts to 
swell one signal increases while the other one decreases. When the 
refractive index start to reach the value of water the thickness of the outer 
layer diverges and both signals decrease. Our experimental data show 
exactly the same trend (Figure 7.6: right figure), indicating that the swelling 
of the outer layer is in the regime where the thickness diverges. In 
conclusion the PAH swelling must be well above 10 nm, which is in 
excellent agreement with the Voight calculations and thus the QCM-D and 
DPI technique complement each other in a very effective way.  
 

  
 

Figure 7.6: Left figure: The calculated DPI signal as a function of the refractive 

index where  is the trans electric signal and  is the trans magnetic signal.  

correspond to the change in thickness as a function of the refractive index.  

Right figure: The change in measured DPI signal as a function of time, where the 

red line is the TM signal and the blue line is the TE signal. 1: Adsorption of PAH. 

2: Rinsing step with water.   

 
 
The main conclusions drawn from Paper III are the following: The 
multilayer build-up of from a 0.5 M NaCl or KBr solution is linear, 
independently of the applied rinsing protocol (termination of adsorption by: 
salt, water and salt first then water). Whereas the outer layer is dependent on 
type of rinsing protocol the internal structure of the multilayer is of a 
compact and rigid nature. The structural differences induced by the rinsing 
protocols only apply when PAH forms the outermost layer. Especially when 
PAH is facing bulk and is rinsed with water, a significant swelling occurs 
due to the removal of counter ions resulting in increased intra chain 
repulsion. We also suggest that that the major channel of energy loss does 
not stem from the viscous deformation of the entire multilayer. Instead it is 
the energy dissipation to the environment through mechanical coupling 
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between the multilayer and the liquid phase, meaning that it is the outermost 
layer that undergoes significant structural changes.  
 

7.3 Adsorption of IgG on PAH/PSS multilayers 
 
In Paper III the multilayer system PAH/PSS was studied from a 
fundamental point of view. As mentioned there is a significant interest in 
creating thin films with biological activity. Thus, the following section is 
more oriented towards the actual application of PAH/PSS multilayers.  
 
The conventional enzyme-linked immunosorbent spot (ELISpot) assay101 is 
a method developed to monitor the immune response in humans as well as 
in animals. At present the method is especially used to identify and calculate 
the number of cytokine producing cells at the single cell level, simply called 
spots. In Paper IV the major aim was to increase the sensitivity of the 
ELISpot method. The problem is approached at the first step of the ELISpot 
method, which is the coating of polystyrene wells with immunoglobulin 
(IgG, mouse monoclonals recognizing IFN ). The goal was to increase the 
density of IgG on the surface of the wells by using PAH/PSS multilayers 
and thus increasing the sensitivity of the method.  
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Figure 7.7:  corresponds to PAH/PSS multilayer build-up from 0.5 M NaCl 

solution,  corresponds to multilayer build-up from 0.15 M NaCl for PSS and PAH, 

respectively.  corresponds to the adsorption step from 0.15 M NaCl for PEI. 

Unfilled symbols represent the rinsing step with the (polyelectrolyte free) buffer 

solution. Even layer numbers is PSS adsorption and odd PAH adsorption, 

respectively.  

 

 

The multilayer build-up of PAH/PSS from a 0.15 M NaCl solution is shown 
in Figure 7.7. The same conclusions apply for this system as previously 
made for the build-up in 0.5 M NaCl (Paper III). The layer build-up is 
linear. However, the sensed mass and thickness is greater in 0.5 M NaCl due 
to the increased number of counterions that gives rise to electrostatic 
screening, thus reducing the intra chain repulsion within the multilayer 
structure. Comparing the energy dissipation between the PAH/PSS build-up 
in 0.5 M and 0.15 M NaCl clearly shows that the difference is small and that 
the energy dissipation is low. QCM-D measurements also show that the 
ratio between energy dissipation and sensed mass decreases with increasing 
number of layers to a stable low value (Paper IV) suggesting that the 
viscoelastic properties becomes smaller with increasing number of layers, 
analogously, the change in refractive index increases with increasing 
number of layers (Paper IV) to a value close to 1.5. Further, the relative 
water content (Paper IV) is low, 20 wt% in the film after the formation of 
five bilayers. Thus, we conclude that the internal structure of PAH/PSS 
multilayers built from 0.15 M NaCl is compact and rigid.  
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During multilayer build-up, IgG is adsorbed within or on the multilayer 
structure. I will first address adsorption of IgG on the multilayer. IgG 
adsorbs both to PAH and PSS terminated multilayers, where the sensed 
mass is somewhat larger on the PAH terminated surface. The buffer used 
for adsorption is a solution of 20 mM phosphate-buffered saline of pH 7.4 
supplemented with 98 mM NaCl (PBS20) to a total solution ionic strength 
of 150 mM. The isoelectric point of IgG is around 6.8 and subsequently has 
a net negative charge at pH of 7.4.102 Thus it seems that the driving force for 
adsorption on a PAH terminated layer is electrostatic attraction. However, 
IgG adsorbs also on the negatively charged PSS terminated surface. Two 
possible driving forces can be considered. The first one is hydrophobic 
attraction as suggested by Caruso et al.102 However, the possibility of 
electrostatic interactions between the negatively charged PSS surface and 
positively charged segments present in IgG cannot be ruled out.  

 
IgG is also incorporated within the multilayer structure and is adsorbed after 
the deposition of the fifth layer (PAH terminated) followed by either a PSS 
or PAH deposition (Figure 7.8). A minimal amount of PAH adsorbs on the 
IgG layer whereas PSS adsorbs. Thus, it is concluded that adsorption of IgG 
does not overcharge the surface. Interestingly, the build-up of the multilayer 
is not affected by the incorporation of IgG within the multilayer and remains 
linear. 
 

 
 
Figure 7.8: Both graphs: ,  corresponds to the adsorption step from 0.15M 

NaCl for PSS and PAH, respectively  corresponds to the adsorption step from 

0.15M NaCl for PEI. The star symbol represents IgG adsorption. Unfilled symbols 

represent the rinsing step with the (polyelectrolyte free) buffer solution. 
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In order to test the cytokine response ELISpot tests were performed on 
PAH/PSS multilayer-coated wells using human peripheral blood 
mononuclear cells (PBMC) and subsequently the spots were counted (Table 

7.1). The number of spots counted for the different multilayer 
configurations is significantly less than a regular PVDF backed ELISpot 
test.  
 

 
Table 7.1: The spot count on PAH/PSS multilayers 

Multilayer structure 
Number of cell cytokine 

response 

PEI-PSS-PAH-PSS-PAH 85 

PEI-(PSS-PAH)2-PSS 0 

PEI-(PSS-PAH)5-IgG 77 

PEI-(PSS-PAH)2-IgG-(PSS-PAH)3-IgG 94 

 
 
Apparently the compact and rigid structure of the PAH/PSS multilayer does 
not form the same kind of three-dimensional antibody binding support 
found in the regular ELISpot wells. However, the PAH/PSS multilayers do 
give rise to spots. The PAH terminated films without any IgG does induce 
cytokine response suggesting that PAH is cytotoxic. This may be due to the 
positively charged amine group on the repeating chain of PAH. The 
PAH/PSS multilayer terminated with PSS does not give rise to any spots 
which implies that the PSS layer totally cover the PAH layer.  
 
The major conclusions in Paper IV are: The multilayer build-up of 
PAH/PSS polyelectrolytes in 0.15 M NaCl is linear and is of a rigid and 
compact nature. The water content of the multilayer decreases with 
increasing layer number further showing that the water content is low within 
the multilayer structure. We suggest that the main driving force for 
adsorption for IgG on a PAH terminated multilayer is electrostatic 
attraction, whereas on PSS terminated multilayer the driving force is 
hydrophobically driven. Further, IgG does not overcharge the surface and 
the linearity of the multilayer build-up is not altered when IgG is 
incorporated within the multilayer structure. We conclude that the cytokine 
response (spots) on the built multilayers regardless thickness or adsorbed 
IgG is significantly less than the regular PVDF backed ELISpot. The PSS 
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terminated PAH/PSS multilayer did not induce any cytokine response 
whereas PAH terminated did, which suggests that PSS totally covers the 
surface from the cells point of view.  
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8 Concluding Remarks and future work 
 
In this section I would like to discuss some key observations of the work I 
have done.  
 
First, I wish to emphasize the importance of correctly accounting for density 
and viscosity changes due to changes in electrolyte concentration, when 
using the QCM-D technique. Further by combining the QCM-D 
measurements with AFM force curves as well as DPI results is of great 
value. Especially when the question of film thickness arises it is imperative 
to know which thickness is discussed. For instance, QCM-D is insensitive to 
a small fraction of long tails, whereas surface force measurements are.  
 
Johannsmanns method to calculate the adsorbed mass can sometimes not be 
used due to that the complex shear compliance is not independent of the 
frequency. Instead model calculations can be performed using Voight 
simulations. The calculated thicknesses are only of a qualitative value but 
very useful when comparing between a set of measurements performed 
under same conditions. Another interesting aspect is that the measured 
thickness with the DPI evaluated by a single layer model did not correlate 
with the estimated thickness from the model calculations performed on the 
QCM-D data. Thus we applied a two-layer model to evaluate the DPI data 
and the results were in excellent agreement with the QCM-D results. To my 
knowledge this has not been done when evaluating DPI data. A future 
aspect would be to increase number of layers in the proposed model for 
evaluating DPI data thus making it more accurate.  
 

The final work in this thesis was to use the knowledge of protein adsorption 
and multilayer buildup on a commercial health care method (ELISpot) in 
order to try to improve the sensitivity by adsorbing IgG on and within the 
PAH/PSS multilayer. We found that due to the rigid and compact nature of 
the PAH/PSS multilayer we could not form the kind of surface roughness 
(three dimensional support) needed to achieve increased sensitivity of the 
method. One approach to improve the accessibility of IgG is to form 
multilayers consisting of natural polyelectrolytes that are known to form a 
less dense structure, which would increase the possibility for antibody 
binding and cytokine diffusion through the entire film. The natural 
polyelectrolytes that would be of interest are those forming multilayers with 
an exponential type of growth, such as polypetides (e.g. poly(L-lysine), 
poly(L-glutamic acid) and poly(L-aspartic acid)) and polysaccharides (e.g. 
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chitosan, heparin and hyaluronic acid). As discussed previously in this 
thesis exponential growth is proposed to evolve through the possibility for 
polymers to diffuse within the film.26,28,30 The proposed multilayers would 
probably also allow IgG to diffuse within the layers. Another very important 
factor when choosing polyelctrolytes for this problem is the biocompability. 
Cell death and erroneous cytokine response must be avoided. 
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