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Abstract

It is widely known that surfaces play an important role in numerous
biological processes and technological applications. Thus, being able to
modify surface properties provides an opportunity to control many
phenomena occurring at interfaces. One way of controlling surface
properties is to adsorb a polymer film onto the surface, for example through
layer-by-layer (LbL) deposition of polyelectrolytes. This simple but
versatile technique enables various polymers, proteins, colloidal particles
etc. to be incorporated into the film, resulting in a multifunctional coating.
Due to recent legislations and a consumer demand for more environmentally
friendly products, we have chosen to use natural polymers (biopolymers)
from renewable resources.

The focus of this thesis has been on the adsorption of biopolymers and their
layer-by-layer formation at solid-liquid interfaces; these processes have
been studied by a wide range of techniques. The main method was the
quartz crystal microbalance with dissipation monitoring (QCM-D), which
measures the adsorbed mass, including trapped solvent and the viscoelastic
properties of an adsorbed film. This technique was often complemented
with an optical method, such as ellipsometry or dual polarization
interferometry (DPI), which provided information about the “dry” polymer
or protein adsorbed mass. From this combination, the solvent content and
density of the layers was evaluated. In addition, the surface force apparatus
(SFA), X-ray photoelectron spectroscopy (XPS), total internal reflection
fluorescence (TIRF), and fluorescence resonance energy transfer (FRET)
were utilized, providing further information about the film structure,
chemical composition, and polymer inter-layer diffusion.

Adsorption studies of the glycoprotein mucin, which has a key role in the
mucousal function, showed that despite the net negative charge of mucin, it
adsorbed on negatively charged substrates. The adsorbed layer was highly
hydrated and the segment density on the substrate was low. We showed the
importance of characterizing the mucin used, since differences in purity,
such as the presence of albumin, gave rise to different adsorption behaviours
in terms of both adsorbed amount and structure. The adsorbed mucin layer
was to a large extent desorbed upon exposure to the anionic surfactant
sodium dodecyl sulfate (SDS). In order to prevent desorption, we
demonstrated that a protective layer of the cationic polysaccharide chitosan
could be adsorbed onto the mucin layer and that the mucin-chitosan
complexes resisted the desorption normally induced by association with



SDS. Moreover, the association between chitosan and SDS was examined at
the solid-liquid interface, in the bulk, and at the air-water interface. In all
these environments chitosan-SDS complexes were formed and a net charge
reversal of the complexes from positive to negative was observed when the
concentration of SDS was increased.

Furthermore, the LbL deposition method could be used to form a
multilayer-like film by alternate adsorption of mucin and chitosan on silica
substrates. The LbL technique was also applied to two proteins, lysozyme
and B-casein with the aim of building a multilayer film consisting entirely of
proteins. These proteins formed complexes at the solid-liquid interface,
resulting in a proteinaceous layer, but the build-up was highly irregular with
an increase in adsorbed amount per protein deposition cycle that was far less
than a monolayer.

Continuing with chitosan, known to have antibacterial properties we
assembled multilayers with an anti-adhesive biopolymer, heparin, to
evaluate the potential of this system as a coating for medical implants.
Multilayers were assembled under various solution deposition conditions
and the film structure and dynamics were studied in detail. The chitosan-
heparin film was highly hydrated, in the range 60-80 wt-% depending on the
deposition conditions. The adsorbed amount and thickness of the film
increased exponential-like with the number of deposition steps, which was
explained by inter-diffusion of chitosan molecules in the film during the
build-up. In a novel approach, we used the distant dependent FRET
technique to prove the inter-layer diffusion of fluorescent-labelled chitosan
molecules within the film. The diffusion coefficient was insignificantly
dependent on the deposition pH and ionic strength, and hence on the film
structure. With the use of a pH sensitive dye buried under seven chitosan-
heparin bilayers, we showed that the dye remained highly sensitive to the
charge of the outermost layer. From complementary QCM-D data, we
suggested that an increase in the energy dissipation does not necessarily
indicate that the layer structure becomes less rigid.



Sammanfattning

Det ar valkant att ytor spelar en viktig roll i manga biologiska processer och
tekniska tillampningar. Att kunna modifiera en ytas egenskaper ger darfor
en mojlighet att kunna kontrollera manga fenomen som sker pa ytor. Ett sétt
att kontrollera ytegenskaperna ar genom att adsorbera en polymerfilm pa
ytan, till exempel genom att véxelvis adsorbera olika polyelektrolyter (LbL-
teknik). Denna enkla men mangsidiga teknik mojliggor att manga olika
material kan inforlivas i filmen, vilket resulterar i en multifunktionell
belaggning. P& grund av dagens lagstiftning och konsumenters okade
efterfragan pa miljovanliga material beslutade vi oss for att anvanda
biologiska polymerer (biopolymerer) i detta projekt.

Fokus i den hér avhandlingen har varit pa adsorption av biopolymerer och
deras LbL-formation pa gransytan vatska-fast fas, dar adsorptionsforloppet
och det adsorberade skiktet bestaende av biopolymerer studerats med en
méangd olika tekniker. Huvudtekniken var kvartskristallmikrovdg med
energidissipations-registrering (QCM-D), som méter massan inklusive
inkorporerat vatten, samt de viskoelastiska egenskaperna hos ett adsorberat
skikt. Som komplement till denna teknik anvéndes ofta optiska metoder, till
exempel ellipsometri och “dubbel polarisationsinterferometri (DPI)”, tva
tekniker som endast méater massan av de adsorberade biopolymererna.
Genom denna kombination av metoder kunde massan av inkorporerat vatten
i filmen och filmens densitet bestdmmas. Dessutom anvéandes
ytkraftsapparaten (SFA), rontgenfotoelektronspektrometri (XPS), och
fluorescens-spektroskopiteknikerna TIRF och FRET i nagra undersékningar
for att erhalla information om skiktens struktur, kemiska sammansattning
och polymerernas diffusion inom skiktet.

Adsorptionsstudier av glycoproteinet mucin, som har en central roll i
funktionen av slemhinnan, avsléjade att trots att mucinet har en negativ
nettoladdning adsorberade det &ndd pa negativt laddade substrat. Det
adsorberade lagret var véldigt hydratiserat och hade en lag andel mucin i
direkt kontakt med ytan. Vi pavisade vikten av att noga undersoka mucinet
som anvéandes, eftersom olika renhet, till exempel i form av forekomsten av
albumin gav upphov till olika adsorptionsheteende géallande bade adsorberad
méngd och struktur. En stor andel av det adsorberade mucinlagret
desorberade ndar det exponerades for den anjoniska tensiden
natriumdodecylsulfat, SDS. Vi visade att ett skyddande lager av den
katjoniska polysackariden chitosan kunde adsorberas pd mucinet och att
mucin-chitosan-komplexen inte desorberade nar SDS tillsattes.



Dartill studerades véxelverkan mellan chitosan och SDS pa gransytan
vétska-fast fas, i bulken och pa luft-vattengransytan. Komplex av chitosan-
SDS bildades i samtliga miljoer och en nettoladdningsomsvéngning fran
positiv till negativ observerades nér koncentrationen av SDS 6kades.

Vidare kunde LbL-tekniken nyttjas for att skapa ett multilagerlikt skikt
genom att alternerande adsorbera mucin och chitosan pa kiseldioxidsubstrat.
Denna teknik anvandes aven med tva proteiner, lysozym och B-kasein, med
malet att skapa ett multilager bestaende av endast proteiner. Dessa proteiner
bildade komplex pa gransytan vétska-fast fas i form av ett blandat
proteinlager, men uppbyggnaden var véaldigt oregelbunden med en 6kning i
adsorberad mangd per proteindeponeringscykel som var avsevart mindre an
ett monolager.

Inom omradet for biomaterial utgor de antibakteriella och antihaftande
egenskaperna hos chitosan respektive heparin en lovande blandning for
belaggningar av medicinska implantat. Baserat pa detta konstruerade vi
multilagerfilmer av chitosan och heparin med olika deponeringsldsningar
och undersokte dynamiken och filmens struktur i detalj. Chitosan-heparin-
filmen var starkt hydratiserad, bestaende av cirka 60-80 vikt-% vatten
beroende pad deponeringsbetingelserna. Den adsorberade mangden och
tjockleken pa filmen okade nastan exponentiellt med antal deponeringar,
vilket forklarades med chitosanets formaga att diffundera genom filmen
under uppbyggnaden. Med ett nytt angreppssétt anvande vi FRET for att
bevisa diffusionen av fluorescerande fargmarkt chitosan i filmen under
uppbyggnaden. Diffusionskoefficienten var i princip oberoende av pH och
jonstyrka under deponeringen och foljaktligen av filmens struktur. Genom
att anvanda ett pH-kansligt f&rgdmne begravt under sju biskikt av chitosan-
heparin visade vi att fargamnet i hog grad paverkades av laddningen pa det
yttersta lagret. Fran QCM-D-data lade vi fram teorin om att en 6kning av
energidissipationen for ett lager inte nodvandigtvis indikerar att lagrets
struktur har blivit mindre styvt.

Vi
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1. Summary of Papers

1 Summary of Papers

Paper |

The large glycoprotein, mucin, is the major protein constituent in
for example saliva and on mucosal membranes. The bovine
submaxillary mucin (BSM) has often been used to mimic mucosal
membranes and in surface coatings to prevent bacterial adhesion on
solid biosurfaces. However, the as received commercial grade BSM
has been found to contain significant amounts of non-mucin
material, where albumin (BSA) was identified as the dominant
protein contaminant. Due to this finding, our aim was to investigate
how the presence of BSA in a BSM solution affects the adsorption
of BSM to negatively charged hydrophilic surfaces. The results
showed that the level of BSM purification had a large impact on the
adsorbed layer in terms of amount and layer structure. With the
SFA technique it was shown that the adsorption of further purified
BSM (free from BSA) resulted in a much thinner adsorbed layer
compared to that adsorbed from as received BSM. The difference
was suggested to be due to the presence of BSA in the layer
adsorbed from as received BSM. The BSA content in the as
received starting material was estimated to be up to 9 wt-%.
However, it was found that the layers formed on mica after
adsorption from a pre-equilibrated BSM:BSA mixture having a
BSA content in the range 5-9 wt% gave a higher BSA content in the
layer compared to the layer adsorbed from as received BSM.
Further, adsorption from pre-equilibrated mixtures of BSM and
BSA showed that an increased fraction of BSA to BSM in solution
resulted in formation of a dense and rigid layer in comparison to the
highly expanded layer of BSM. Furthermore, BSA was the
predominant species in the BSM-BSA mixed layers adsorbed from
an equal amount of BSM and BSA (50 wt-% BSA).

Paper Il

In this paper we investigated the stability of a mucin layer adsorbed
from as received BSM on negatively charged surfaces, towards
exposure of the anionic surfactant sodium dodecyl sulfate (SDS).
This surfactant is a commonly used detergent in personal care
products e.g. toothpaste, and the BSM layer can be viewed as a
simplified model of the oral cavity. The results showed that BSM
associates with SDS already at low surfactant concentrations and
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that approximately 80 % of the initially adsorbed amount is
desorbed upon addition of SDS at a concentration equal to its
critical micellar concentration. In order to prevent BSM desorption
by SDS, a protective layer of the naturally occurring cationic
polysaccharide chitosan was adsorbed onto the preadsorbed BSM
layer on silica or mica prior to addition of SDS. It was shown that
chitosan adsorbed on BSM and that the BSM-chitosan complexes
were resistant towards desorption induced by SDS. Further, we
showed that BSM and chitosan could be used to form a multilayer
film by sequential adsorption of BSM and chitosan on a silica
substrate.

Paper 111

The interaction between chitosan and SDS, observed in paper II,
was further investigated in this paper. Two different systems were
investigated and compared: the association between SDS and
preadsorbed chitosan on a silica substrate, and the chitosan-SDS
association in bulk solution. Both systems were followed as a
function of solution ionic strength and surfactant concentration at
pH 4. It was shown that chitosan and SDS formed complexes in
solution that were far more surface active than the surfactant alone.
Both in solution and at the solid-liquid interface, the number of SDS
to chitosan could exceed one, which resulted in a charge reversal
from positive to negative of complexes at higher surfactant
concentrations. At the solid-liquid interface, the association was
highly dependent on the chitosan layer structure on silica. A flat
rigid layer of chitosan was formed at 0.1 mM NaNO;, whereas
more extended layers were formed from solution of 30-500 mM
NaNO; and no adsorption was observed from a 1000 mM NaNO;
solution. In 30 mM NaNO; and upon increasing the amount of SDS
the chitosan layer went through a compaction at low surfactant
concentrations followed by reswelling and finally layer desorption.
No layer compaction could be observed upon addition of SDS to the
thin chitosan layer adsorbed from 0.1 mM NaNOs. Instead, there
was a continuous increase in layer viscoelasticity before desorption
occurred.

Paper IV

In paper 1l we showed that a multilayer film could be formed by
sequential adsorption of a protein (BSM) and the polysaccharide
chitosan. The aim of this project was to investigate the possibility of
forming a multilayer film containing only proteins, namely
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lysozyme and f-casein. These proteins were sequentially adsorbed
on silica from a solution of pH 8.5, which ensured that lysozyme
was net positively charged and [-casein net negatively charged.
Particular emphasise was placed on finding a suitable ionic strength
of the deposition solution at which the two oppositely net-charged
proteins could form a multilayer-like film. This was observed at
intermediate and high ionic strength in comparison to low ionic
strength. However, independent of solution conditions the growth in
adsorbed amount was highly irregular during the build-up, and the
adsorbed amount of protein after each deposition was far less than a
monolayer. Even so, the amount of lysozyme and (3-casein in mixed
layers exceeded that of pure lysozyme or B-casein layers on silica.
Clearly, the film contained both proteins but the film structure was
different from that usually observed for multilayer films using
polyelectrolytes. The reason for the observed difficulty in forming a
pure protein film was probably due to the complex charge
distribution and structure of proteins in comparison to
polyelectrolytes.

Paper V

Multilayer films of chitosan and heparin were formed on silica
surfaces with the LbL deposition method. A combination of these
two polysaccharides has previously been shown to suppress
bacterial adhesion on surfaces, where the efficiency was largely
dependent on the solution deposition pH, hence on the formed layer
structure. Several different techniques were therefore used to study
the structure of the chitosan-heparin complexes adsorbed at the
solid-liquid interface depending on the solution deposition
conditions (e.g. pH and ionic strength). All films were, independent
of deposition conditions, highly hydrated and even after the
formation of six chitosan-heparin bilayers the relative solvent
content was very high (60-80 wt-%). The general trend was that the
adsorbed layer became increasingly dense with the number of
deposited layers. The film structure was highly dependent on both
the solution conditions and on the polymer adsorbed in the
outermost layer. For the deposition conditions favouring a strong
binding between oppositely charged polysaccharides, the film
structure (viscoelesticity) could not be accurately determined from
the measured layer energy dissipation. Instead we showed using a
Voight based model that a measured increase in energy dissipation
from an adsorbed layer could be observed even when a layer
changes its overall structure from less to more rigid. Another
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interesting finding was that the layer thickness (and adsorbed
amount) increased exponential-like with the number of deposited
layers. This phenomena has been observed previously for some
other multilayer films consisting of polysaccharides and/or
polypeptides and has been ascribed to interlayer diffusion of at least
one of the two polyelectrolytes within the film during build-up. This
finding initiated the work carried out in paper V1.

Paper VI

The aims of this paper were to investigate whether the exponential-
like growth in thickness of chitosan and heparin multilayers was
due to interlayer diffusion of chitosan molecules and if the diffusion
depended on the film structure, hence on the solution deposition
conditions. For this purpose chitosan molecules were labelled with a
fluorescence dye and the distant dependent fluorescence resonance
energy transfer (FRET) technique was used. To our knowledge this
is the first work in which FRET has been used to study interlayer
diffusion of polysaccharides. The advantage of FRET is the
possibility to monitor polymer diffusion in much thinner films
compared with the commonly used confocal laser scanning
microscopy (CLSM) technique. The results confirmed that chitosan
diffuses in the film during deposition and that the diffusion
coefficient is largely independent of the deposition conditions used
in this work. The internal structure of the chitosan and heparin
layers was further evaluated by the use of a fluorescence dye, which
is sensitive to the electrostatic potential in its environment. These
results were compared to previously reported data using strong
synthetic polyelectrolytes. From this comparison it was found that
the chitosan-heparin multilayer film is highly interpenetrated in
comparison to multilayers consisting of synthetic polyelectrolytes.
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2 Introduction

In this work, several independent but related projects were carried out with
the aim of improving the understanding of biopolymer adsorption and their
layer-by-layer deposition at the solid-liquid interface. The biopolymers
focused on in these studies were natural polysaccharides (chitosan and
heparin) and proteins (mucin, lysozyme, and B-casein), that all come from
renewable resources. The large attractiveness in working with these
materials is that, in comparison to most synthetic polymers, they are
biocompatible, biodegradable, and show a low-toxicity. For these reasons,
they are already widely used in the pharmaceutical and food industry.

Our interest has been to gain a fundamental understanding of the adsorption
process occurring in each of the investigated model systems. However,
these systems are not only of academic interest as will be described below
before entering into a more detailed description of our aims. Our adsorption
studies were carried out on solid planar supports and therefore the most
relevant application is for biopolymer coatings for medical implants. The
surface properties of a material can be altered by adsorption of polymers
and/or proteins, which thereby alter the affinity for bacterial and cell
adhesion. One example is the mucin proteins that when adsorbed on
polymeric surfaces have been found to reduce bacterial and cell
adhesion."** Further, multilayer complexes of chitosan and heparin
adsorbed on PET surfaces have proven highly efficient in not only reducing
bacterial adhesion, but also in killing bacteria that did adhere.* Both the
mucin and the chitosan-heparin layer coatings are highly hydrated by water,
which has been the suggested reason for the efficiency of other
polysaccharide based coatings in inhibiting cell attachments.>®’ The
improved functionality of a coating containing more than one component,
such as the chitosan-heparin multilayer film, has also been used with
embedded proteins within polymer coatings. Direct contact with a solid
surface often affects the structure and hence the biological activity of a
protein such as e.g. lysozyme, whereas the protein maintains its biological
activity to a higher extent within the layer.®°



2. Introduction

This work can be divided into three major parts:

1. The adsorption and structure of mucin on negatively charged
surfaces was studied based on the level of purification, essentially
on the level of protein (albumin) present in solution. Further, we
elucidated the possibility of using a protective layer of the cationic
polysaccharide (chitosan) adsorbed onto the pre-adsorbed mucin
layer to hinder desorption induced by the anionic surfactant SDS.
The main methods used to characterize the adsorption of mucin and
its interactions with albumin, chitosan, and SDS, were the surface
force apparatus (SFA), X-ray photoelectron spectroscopy (XPS) and
ellipsometry that together provide information on the thickness,
structure and chemical composition of an adsorbed layer.

2. In a smaller part of the thesis we investigated and compared the
interactions between oppositely charged chitosan and SDS at the
solid-liquid interface and in bulk solution, and further how these
interactions depended on the solution ionic strength. This is
discussed in paper 11, but only the interactions at the solid-liquid
interface are presented in the summary of key results (chapter 4),
since the thesis deals with interactions at the solid-liquid interface.

3. The last part, which is the major part of the thesis, deals exclusively
with the concept of multilayer films formed with the layer-by-layer
(LbL) method. Experiments were carried out by alternate adsorption
of oppositely charged polymers (polysaccharides or proteins) on
negatively charged hydrophilic substrates. First, we investigated the
possibility of forming a multilayer film using a large flexible
glycoprotein (mucin) and a polysaccharide (chitosan). Next, we
explored if it was possible to adjust the solution deposition
conditions in such a way that multilayer-like films consisting of
only proteins (lysozyme and B-casein) could form. Finally, inspired
by the promising results for chitosan-heparin films as anti-bacterial
and anti-adhesive coatings on medical implants,* we built
multilayers with two polysaccharides (chitosan and heparin) and
investigated their build-up and structure under various deposition
solution conditions in great detail. A combination of seven different
surface sensitive techniques was employed in order to obtain a
broad view of the adsorbed layer structure, and on the Kinetics of
adsorption.



2. Introduction

2.1 Background

2.1.1 Polyelectrolytes and proteins

Polyelectrolytes are polymers, in which all or some of the monomers are
electrically charged. One can distinguish between two kinds of charged
monomers (which are related to their chemical composition). Monomers
that contain permanent charges e.g. the quaternary ammonium group, and
monomers containing ionisable groups, e.g. primary amines and carboxylic
acids that can dissociate in solution depending on the pH and ionic strength.
The charge is then related to the degree of ionisation in solution. The pH at
which 50 % of the ionisable monomer groups are charged is given by the
pKa of the ionisable group. Polyelectrolytes are often referred to as weak or
strong depending on the pKa value of their monomer groups. Strong
polyelectrolytes are fully charged over a broad range of pH values (~2-10),
whereas weak polyelectrolytes are partially charged in this range. The
polymer charge density largely affects the conformation, which can be
altered by adjusting the solution ionic strength (screening of electrostatic
repulsive forces) and for weak polyelectrolytes also by the pH. Further,
there are several types of polyelectrolytes but a distinction can be made
between synthetic polymers and the natural polysaccharides (sugar based)
and polypeptides (amino acids). In this work, we have focused on two
natural polysaccharides, one strong (heparin) and one weak (chitosan).

Proteins are a large group of natural polymers (polypeptides) formed by a
number of amino acids. They are generally more complex, both in
composition and structure, compared to polyelectrolytes due to the many
different amino acids in their repeat unit that makes them into
polyampholytes. Since every amino acid has a different pKa value, it is
common to refer to their net charge as negative (above iep) or positive
(below iep), where the isoelectric point (iep) defines the solution pH where
the net charge is zero. Based on their three-dimensional structure, proteins
may be classified into three different categories, globular, flexible, and
fibrous.' In this work, proteins belonging to the two first classes have been
studied.

2.1.2 Adsorption of macromolecules at solid surfaces

Adsorption at an interface such as the solid-liquid interface occurs due to a
decrease in the total free energy of the system. There are several
contributions to the overall adsorption process: electrostatic forces, entropy,
hydrophobic interactions, hydrogen bonds, and van der Waals forces. The
significance of these interactions in a given system depends on the polymer
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structure/composition, solvent, and on the surface involved. The adsorption
process is generally determined by the Gibbs free energy of adsorption (G),
which depends on enthalpy (H), entropy (S), and temperature (T).
Adsorption occurs at the interface if the change in Gibbs free energy (4Gags)
due to the adsorption process is negative.

AG, =AH_, —TAS,, (2.1)

Enthalpic driving forces include attractive van der Waals interactions and
attractive or repulsive electrostatic interactions between the polymer and the
interface, and between polymer molecules. Entropic contributions may arise
from: changes of the polymer conformation upon adsorption, liberation of
counter-ions from a charged surface and the polymer, and from hydrophobic
interactions such as surface dehydration. These interactions have been
thoroughly described for protein adsorption by Norde and co-workers**2
and for polymer adsorption by Fleer and co-workers.*

It is difficult to make a general statement regarding the driving force of
polymer adsorption, since polymers constitute such a diverse family ranging
from highly flexible polymers to compact and structured proteins (globular
protein), as discussed in section (2.2.1). In spite of showing many common
features, the adsorption of polymers of these two extreme cases, is different
in several ways. For example, the adsorption of a globular protein results in
a small conformational change without the formation of loops and tails as is
commonly discussed for flexible polymers.® Further, the entropy change
resulting from the conformational change upon adsorption often favours the
adsorption of globular proteins, whereas it restricts adsorption of flexible
polymers.*? Even though globular proteins exhibit small structural changes,
they are very often an important, if not the most important, driving force for
adsorption. This is true for adsorption on hydrophobic surfaces and also on
hydrophilic surfaces when the protein has a relatively low conformational
stability (e.g. albumin), but not when the conformational stability is high
(e.g. lysozyme). In the latter case, adsorption occurs only if the substrate
and protein are oppositely charged, due to electrostatics and to liberation of
counter-ions resulting in an increase in entropy. For a flexible charged
polymer (polyelectrolyte), the loss in conformational entropy will in most
cases be compensated for by the gain in translation entropy, which is caused
by the release of small ions. Moreover, the structure of the adsorbed
polyelectrolyte, hence its extension into the solution (fraction between
trains, loops, and tails) depends on the charge density of the substrate, the
polyelectrolyte, as well as on the solution conditions.™
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2.1.3 Biomaterial coatings using mucin proteins

In the field of biomaterials it has become increasingly popular to construct
material coatings based on natural polymers to control the surface properties
of man-made materials. Mucins are a family of natural glycoproteins with
important functions in the mucous gel, which covers the ephitelial cell
surfaces. The function of mucins is to act as a steric barrier and prevent non-
specific interactions of proteins and cells with the underlying cell membrane
and further to keep mucous lubricated and hydrated.>** In order to mimic
nature, polymeric biomaterial surfaces have been coated with mucins,
resulting in the reduction of bacterial and cell adhesion.*** Adsorbed layers
of mucins on solid surfaces have also been used to model mucous for e.g.
oral drug delivery studies™, dental applications*®®, and to test its stability
towards oral care products (surfactants).”’ A detailed fundamental
understanding of the adsorption of mucins, isolated from different regions
and species, on solid surfaces has been carried out in the past. Several of
these studies have involved the bovine submaxillary gland mucin (BSM)
due to its early commercial availability and its extensive usage.’®'%'®1/
These studies have shown that BSM generally has a higher affinity for non-
polar surfaces compared to polar-charged surfaces, and least affinity for
polar uncharged surfaces.?®'® Further, on polar-negatively charged surfaces
adsorption is favoured when the solution ionic strength is increased, due to a
decreased electrostatic repulsion between the net negative BSM molecules
(iep=3)"® and the substrate at pHs above 3.'°

2.1.4 Layer-by-layer (LbL) self-assemblies

Various methods have been used to prepare thin films on solid surfaces,
such as Langmuir-Blodgett (LB), self-assembled monolayer (SAM) and
layer-by-layer (LbL) self-assembly. An advantage with the LBL method is
that multilayered films can be formed on essentially any type of charged
substrate regardless of size and shape, by alternating adsorption of
oppositely charged compounds. The method was initiated in the pioneer
work by ller in the field of colloidal particles (1966).?* However, the large
interest in the technique began in the early 1990s, when Decher et al.
showed that this method could be applied also to polyelectrolytes.?? Ever
since, there has been a tremendous interest in the technique with several
hundred publications every year where the LbL method has been employed.
Figure 2.1 shows a schematic of the LbL adsorption method using
polyelectrolytes. A substrate with a charged surface is immersed in a
solution of oppositely charged polyions, (1). The adsorption of polyions on
the surface often results in an overcompensation of the substrate charge
which consequently reverses the sign of the surface charge. After rinsing (2)
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in a pure electrolyte solution the assembly is immersed in a solution of
oppositely charged polyions, (3), resulting in further adsorption and a new
reversal of the surface charge followed by rinsing (4). The procedure is then
continued until the desired layer thickness is obtained.
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Figure 2.1. The multilayer build-up using the LbL method.

The charge overcompensation by adsorbing polyelectrolytes leading to the
reversal of surface charge is considered to be a requisite for multilayer
formation, since it enables subsequent adsorption of oppositely charged
polyelectrolytes to the next layer.”® * The charge inversion has been
experimentally verified for many polyelectrolyte pairs.”>*?’ However, the
mechanism behind recharging and the driving forces for the build-up are
still not fully understood. In early publications, it was suggested that the
electrostatic interactions between opposite charges was the driving force for
the build-up. The finding that a minimum charge density of a
polyelectrolyte is needed for successful layer growth further supported that
theory.”® However, from an electrostatic point of view, the adsorption is
likely to stop when the polyelectrolyte-coated substrate has a zero surface
charge. Further, multilayers can be formed in solution at high ionic strength,
where the electrostatic attraction will be screened.?® Other non-electrostatic
interactions, such as hydrogen bonding, hydrophobic interactions, and
entropy must therefore play an important role in the multilayer formation as
suggested in a number of studies.***"**? The multilayer build-up is then a
result of both electrostatic and non-electrostatic interactions. In fact, the
main driving force for the build-up has later been attributed to the gain in
entropy due to liberation of counterions and water of hydration upon
adsorption.?*

10
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One major advantage with the LbL deposition technique is that it permits
construction of films containing other macromolecules, such as proteins,
enzymes, or nucleic acids.* In the past, mixed layers of different
polyelectrolytes and water soluble proteins have been successfully
formed®*3**"_ where the secondary structure of the protein has been found to
be close to that of their native form in solution.® Embedded proteins in
multilayers are therefore prone to maintain their enzymatic activity
compared to those in direct contact with a solid substrate.’

2.1.5 Layer structure and film growth of LbL films

The multilayer-film structure and thickness can be controlled by changes in
the solution deposition conditions, e.g. by solution ionic strength and for
weak polyelectrolytes also by pH. Generally, an intermediate
polyelectrolyte charge density and/or a high solution ionic strength results in
significantly thicker films compared to highly charged polymers adsorbed
from low ionic strength solutions.?***? This is due to a decreased repulsion
between charges along the polymer chain resulting in a coiled-like polymer
structure and hence a larger thickness and adsorbed amount. However, there
is an upper limit for the ionic strength, above which complexes are not
formed.*

The film structure is further dependent on the polyelectrolyte pair used. For
example, there have been mainly two types of film growth reported in the
literature, namely: film thickness and adsorbed amount increase either
linearly or exponentially with the number of deposited layers. This topic has
been thoroughly described in recent reviews by von Klitzing® and Picart’.
The linear growth is common for strong synthetic polyelectrolytes, whereas
an exponential-like growth can be found for some weak natural
polyelectrolytes, typically polypeptides or polysaccharides.”**?° One
explanation to the observed exponential growth is provided by the diffusion
theory, where at least one of the two polyelectrolytes diffuses within the
film.** The theory states that the adsorbed amount in a given deposition step
not only depends on the amount of oppositely charged polymer in the
outermost layer, but also on the amount of free, diffusing polyelectrolytes
available for complexation within the film. The amount of free
polyelectrolytes is then proportional to the multilayer thickness (volume)
prior to deposition. The confocal laser scanning microscopy (CLSM)
technique has been used to visualize the out-of-plane (vertical) diffusion of
fluorescence labelled polyions within very thick (several um) films during
build-up.®***? It has been suggested that a linear growth can be turned into
an exponential growth if the LbL conditions are changed such that the

11
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intermolecular interactions between the polyelectrolytes are sufficiently
weakened.*”

2.1.6 Potential applications for LbL films

A wide range of potential applications has been suggested for the multilayer
films in such diverse areas as drug delivery systems*, micropatterning®,
biomedical applications®, food applications®’, and paper making. A few of
these will be discussed here. The multilayer-film coatings can be prepared
on both planar substrates and on colloidal particles. From the latter, hollow
capsules can be prepared by dissolution of the particle core after the
multilayer-film preparation.** The hollow capsules can then be loaded with
pharmaceuticals and by choosing the right polymer pair, for the coating, it is
possible to control the release rate from these capsules. On planar substrates
there have been much research on antibacterial coatings for surfaces in
contact with body fluids both in-situ and ex-situ.****® The selection of
suitable polymers together with the possibility of incorporating any type of
charged molecule into the film enables the formation of surfaces that are
cell/protein attractive or repellent.® In packing applications for example of
food, both oxygen and water barriers are required in order to prevent
oxidation of food products during transportation. A commercial product on
the market is the fruit bags (Yasa-sheet) that keep vegetables and fruits fresh
for weeks by reducing the emission of ethylene gas. These fruit bags are
prepared from LbL deposition of chitosan and an enzyme extracted from
bamboo (Figure 2.2).

Figure 2.2. The result of using the Yasa-sheets invented by S. Shiratori,

Japan, to extend the freshness of fruits. The figure was adapted from the
homepage: (http://www.nasuden.co.jp/yasa.htm).

12
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Another interesting development on the market is the so-called “Metal
Rubber” from NanoSonic Inc. This material, which is prepared by the LbL
method using charged carbon particles on solid substrates show remarkable
properties. As the name suggests, “Metal Rubber” combines the properties
of rubber and metal, resulting in a material that can be heated, frozen, and
exposed to jet fuel, and still retain its electricity-conducting properties.
Future uses of the material may include artificial muscles, electrically
charged aircraft wings, and protective clothing.

13
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3 Experimental

Brief accounts of the most important methods and materials used in this
work are given below, with the main emphasis on the most important
characteristics for the experiments conducted. For a more detailed

description the reader is referred to the appended papers.

3.1 Overview of experimental techniques

The main information that can be obtained from the experimental
techniques used in this work is provided together with relevant references in
Table 1 and 2. A few of the techniques are discussed further in section 3.2-

3.6.

Table 3.1. An overview of the surface analytical techniques used in
this work to characterize the adsorbed layers.

Adsorbed layers on solid surfaces

Technique
QCM_D49,50,51

Ellipsometry®2°>3°4

DP |55,56

TIRF"58

FRET>®0

SFAGl,GZ

XP863,64
AFM-imaging®

Information
Total mass including coupled solvent and

information on the layer viscoelasticity measured in-
situ

Thickness, refractive index, and adsorbed amount of
an adsorbed layer measured in-situ

Thickness, refractive index, and adsorbed amount of
an adsorbed layer measured in-situ

Amount of adsorbed fluorescent molecules measured
in-situ

Distance  between two different fluorescent
molecules measured in-situ

Surface forces, layer thickness (extended and
compressed), and layer compressibility

Chemical composition of an adsorbed layer

Surface topography

14
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All the techniques listed in Table 3.1 have important advantages, but also
some limitations. However, by using a combination of several techniques,
many of these limitations can be overcome, and a broader view can be
obtained. What follows below is a summary of essential advantages and
limitations of the techniques used in this thesis, and a discussion regarding
the benefits obtained when combining these methods.

In QCM-D, a large number of surface coatings on the quartz substrate can
be used and measurements can be carried out in turbid solutions. However,
it is difficult to decouple changes in mass from structural changes. The
sensed mass includes trapped solvent, which can be used as an advantage
when combined with another technique measuring the “dry” mass, and
thereby the water content can be estimated.

Several optical methods, such as ellipsometry and DPI can be employed to
determine the “dry” mass. In ellipsometry, the substrate needs to be smooth
and reflective, and the ambient media have to be transparent. A large
difference in refractive index between substrate, adsorbed layer, and
ambient is preferable. The ellipsometry technique has the advantage that it
also can measure relatively thick adsorbed films > ~ 200 nm, whereas
QCM-D, DPI, and TIRF are restricted to the distance set by the penetration
dept of an evanescent wave or an oscillating wave into the bulk solution.
The DPI technique can be used in turbid solutions and is more accurate in
the determination of both thickness and refractive index compared to
ellipsometry. However, one major disadvantage of DPI is the limitation in
substrate, since a waveguide (silica doped with nitrogen) has to be used.

An advantage with TIRF is the possibility of separating two different
species in a film by fluorescence labelling. Though, the use of fluorescence
techniques is always uncertain due to the fact that the dye may alter the
polymer structure and affinity for a substrate. Further, changes in emission
intensity may be caused by electrostatic potential changes in the
environment.

With SFA the absolute thickness, and not an average thickness for a
homogenous film as for DPI and ellipsometry is measured, but the
limitation is the need for very smooth transparent substrates.

XPS has the limitation that adsorbed layers in solution can not be measured,

since it requires ultra high vacuum. AFM suffers from the problem that a
good resolution of the images is difficult to obtain with soft surfaces.
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Table 3.2. The techniques used to characterize interactions in the bulk
Interactions in the bulk solution

Technique Information
Tensiometry®® Surface tension, critical micellar concentration
(cmc)

Elecrophoretic Sign (positive or negative) of a charged polymer

mobilility® and polymer-surfactant complex
Turbidimetry Qualitative information on the aggregation of
complexes

3.2 Quartz crystal microbalance with dissipation (QCM-D)

A QCM-D instrument is basically a highly sensitive balance, which
measures the amount of material added to or removed from an oscillating
piezoelectrical quartz surface. The change in mass, m, of the surface due to
adsorption will be observed as a change in the resonance frequency, f, where
an increase in mass is observed as a decrease in the resonance frequency.
Unlike most optical techniques the sensed mass includes mechanically
trapped or bound solvent. The instrument also provides information on the
viscoelastic properties (rigidity) of the adsorbed film since the energy
dissipation, D, from the system is measured as the rate of decay of the
oscillating amplitude when the voltage (driving the oscillation) is turned off.
Th‘?9 theory of the technique has been thoroughly described by Rodahl et
al.

Two different instruments were employed in this study, a D300 (paper I, 111,
IV) and an E4 (paper V) system from Q-sense AB. The systems provide
essentially the same information but the E4 unit is superior in that it has four
independent measurement chambers that can run simultaneously, whereas
the D300 has only one. Further, the E4 measures changes in frequency, f,
and dissipation, D, at six different overtones instead of three (D300). The
overtone number, n, indicates the frequency at which the quartz substrate
oscillates, where 5 MHz is the fundamental tone (n=1) and the first overtone
is n=3 (15 MHz) and so on. The different overtones penetrate the liquid to
different depths. In each case the sensitivity decays exponentially. The
decay-length for some of the overtones are: 240 nm (n=1), 140 nm (n=3),
and 65 nm for n=13 in water at T=25° C.>° However, the main reason for
using the E4 unit in paper V was that it has a flow system incorporated with
the same design as other techniques that were used. This means that the
results are more comparable, since the flow of molecules over the surface is
similar.
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Several different models have in the past been suggested to relate the
measured frequency change, f, into mass, m. In this work, three different
models have been utilized, the Sauerbrey equation®, Johannsmann model®
and Voight model®. These models and the results obtained with them have
been compared in a recent investigation by Iruthayaraj et al.>* In that study
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 Voight model (for
viscoelastic films). For example, in paper V, we showed that the estimation
of sensed mass using Sauerbrey could be as low as 60 % of the Voight value
for films showing high-energy dissipation values.

The Sauerbrey equation® is the simplest and most commonly used equation,
which states a linear relation between the measured frequency change due to
adsorption compared to the plain quartz crystal, Af, and sensed mass, Am,
according to:

_Af xC
n

Am

(3.1)

where n is the overtone number and C is the mass-sensitivity constant that
depends on the thickness (d,), density (pg), and fundamental frequency (fo)
of the quartz crystal. In principle Eq. (3.1) is only valid for very thin and
rigid layers with energy dissipation values close to zero. Its validity can
easily be checked as sketched in Figure 3.1, which shows a schematic of an
ideal system, since the sensed mass should be independent of the frequency
measured at different overtone numbers.
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Figure 3.1. The sensed mass (4m) calculated from Eq. (3.1) as a function of
the frequency (Af) measured at different overtones (n).

The Johannsmann model®® takes into consideration the viscoelastic
properties of the film, and their contribution to the sensed mass according
to:

d 24 2 f 2
’Off—”} (3.2)

mszmj|:1+J(f)

where px is the film density, d; the film thickness, ms and m; are the sensed
mass calculated from the Sauerbrey and Johannsmann equations,
respectively. J(f) is the viscoeleastic compliance, which may be frequency
dependent. For the adsorption studies on chitosan and SDS adsorption in
paper 11, we used this model and plotted the Sauerbrey mass, ms, as a
function of frequency squared, f2, for different overtone numbers and
estimated the Johannsmann mass, m;, from the intercept. Since we found the
relation to be linear (see Figure 3.2) we could assume that J(f), which
depends on film viscosity and shear modulus, was independent of
frequency.
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»
>

f2
Figure 3.2. The Sauerbrey sensed mass (ms) as a function of the frequency
squared (f %) measured at different overtone numbers.

For the chitosan and heparin multilayer film in paper V the plot between the
Sauerbrey sensed mass and the frequency squared, f % is not linear, (see the
schematic drawing in Figure 3.3). Clearly, J(f), in Eqg. (3.2) is frequency
dependent. The Voight model® was therefore applied to estimate the “true”
sensed mass, m, for a viscoelastic adsorbed film. A software (Q-tools)
provided by the manufacturer (Q-sense) was used to estimate the sensed
mass by fitting the measurement data to a Voight model. In the model,
changes in frequency, Af, and energy dissipation, 4D, are related to the
viscoeleastic properties of the film according to equations (3.3-3.5). In brief,
the frequency and dissipation change measured at several different
overtones are used together with an assumed value of the layer density (o)
to estimate the viscosity (7), shear modulus (x4 ), and thickness (ds) of the
adsorbed film.

2 2
Y- (dfpfa)—zdf(ﬁJ LJ (33)
U

_272',0qdq S) 1+ o'y

AD =L[2d (@T &J (3.4)
dp,d, | '\ &) 4+’

m=p, xd, (3.5)
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where @ (@ = 2#f) is the angular frequency of oscillation, 7, is the bulk
viscosity, pp the bulk density, and & (& = (27,0 @?)’°) the viscous
penetration depth of the shear wave in the bulk liquid.

y 3

m
e

O

Figure 3.3. The Sauerbrey sensed mass (ms) as a function of the frequency
squared (f %) measured at different overtone numbers.

The Voight model provides a better estimate of the layer properties than the
Sauerbrey equation or the simplified Johannsmann model for films showing
viscoelastic properties (high 4D), whereas the drawback is that knowledge
of the layer density is needed. However, the model should be used if the
measurement data resembles that shown in Figure 3.3. It should be noted
that for rigid layers with D close to zero, the Voight model reduces to the
Sauerbrey equation.”

3.3 Optical methods

Ellipsometry and DPI are optical techniques, used to gain information on
the thickness, refractive index, and adsorbed amount, 7, of an adsorbed
film. Contrary to the QCM-D, these techniques estimate the “dry” mass of
an adsorbed film. This enables the calculation of the relative solvent
content, Wsovent, and the effective density, pw, of the film by comparing the
adsorbed mass obtained by QCM, mqcwm, and an optical technique, /opicar,
according to:

Mocw — Dot
Wy o (%0) = —2 %Pt 5 100 (3.6)
QCM
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| - | -
P =ppM+po{1—M] (3.7)

QCM QCcMm

where p, and pp are the bulk densities of the polymer/protein and the
background solution, respectively.

3.3.1 Null ellipsometry

The null ellipsometry instruments used were a Rudolph type 436 (Rudolph
Research, Fairfield, New Jersey, USA) in paper Il, and a Multiskop (Optrel
GdBR, Berlin, Germany), in papers IlI-IV. The same information is
obtained from the two instruments.

Ellipsometry measures changes in the polarization of light caused by
reflection at an interface. These changes depend on the optical properties of
the substrate, the adsorbed film, and the ambient media.> By measuring
changes in amplitude (A4) and phase (¥) of polarized light upon reflection,
the optical properties of the substrate and of an adsorbed film can be
calculated. In practical terms this is carried out by numeric iterations of A
and ¥ using a theoretical four layer model according to Figure 3.4, by
assuming that all layers are homogenous and optically isotropic. First, A4 and
¥ were measured for the clean substrate in air and in ambient solution,
which enables calculations of the optical properties of the substrate. Once
these are determined, the average thickness, ds, and the average refractive
index, ny, of the adsorbed film can be followed in situ from the measured
changes in A and ¥ compared to the clean substrate through numeric
iterations. A detailed description of these calculations can be found
elsewhere.>*>

ambient solution

adsorbed layer

silica

silicon

Figure 3.4.The four-layer optical model used to calculate the thickness and
refractive index of an adsorbed layer from ellipsometric data.
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3.3.2 Dual polarization interferometry (DPI)

The DPI used was an AnaLight Bio200 from Farfield Sensors Ltd, UK. The
fundamental science of this technique, the instrument, and the details on
how the thickness and refractive index were calculated is thoroughly
described elsewhere.®*® Polarized laser light is focused into two
horizontally stacked and separated waveguides, the reference waveguide
and the sensing waveguide (see Figure 3.5). The waveguides are composed
of silica doped with silicon nitride that confines the laser light within the
waveguides due to total internal reflection. By allowing the light from the
sensing and reference waveguides to diffract and interfere at the end of the
guides, interference fringes (viewing screen) are detected with a CCD
camera at some distance away (in the farfield). Adsorption of proteins or
polyelectrolytes to the sensing waveguide (viewed as Y symbols in the
schematic Figure 3.5) slows down the speed of light whereas it is unaltered
in the reference waveguide. This gives rise to a change in the interference
pattern. The phase change, A@, between the reference and sensing
waveguide is related to the change in the effective refractive index, N of the
sensing waveguide according to:*®

Ag=k,LAN, (3.8)

where Ky is the free space wavenumber and L is the interaction length. Two
different polarization modes (polarization 1 and 2, that are parallel and
perpendicular to the surface) are used in the measurement that results in two
independent N values. Each N value satisfies a large humber of thickness
and refractive index combinations as seen in Figure 3.5. However, only one
thickness, d;, and refractive index, n;, of the adsorbed layer satisfy the
conditions for both polarization modes.
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Figure 3.5. A schematic presentation of the DPI technique. Printed with
permission from Farfield Sensors Ltd, UK.

3.3.3 Adsorbed amount

The n¢ and dy values obtained from ellipsometry or DPI were used to
calculate the adsorbed amount, 7] using the de Feijter’® or Cuypers™
equation. However, a problematic situation arises for adsorbed layers
consisting of several materials with different optical properties. Especially,
in paper Il the refractive index increment, dn/dc, is different for pure
chitosan (0.18) and SDS (0.12) and the value for complexes formed by
chitosan and SDS is unknown. The de Feijter equation Eq. (3.9), where ng is
the refractive index of the ambient, shows that this difference in dn/dc can
induce a large uncertainty in the calculated adsorbed amount.

- d (n¢ —ny)

3.9
dn/dc (39
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This subject is thoroughly described in paper 11l and in the PhD-thesis by
Lubica Macakova, KTH."*" For composite layers, the highest dn/dc value
was used throughout this thesis with the knowledge that this will correspond
to the lowest estimate of the adsorbed amount for a given layer.

3.4 Fluorescence methods

The fluorescence methods are all based on a three step process illustrated by
a Jablonski diagram in Figure 3.6 (left).>® A fluorescence molecule is
excited, hv(Ex), with an external light source (e.g. laser), by absorption of
energy, to a higher electronic state (S1°). In the higher energy state the
molecule interacts with its environment that results in relaxation to a lower
energy state (S1) due to energy dissipation. By emitting energy, hv(Em) the
molecule returns to its ground state (S0). Generally, the emission intensity is
recorded (photon counter), which provides information on the amount of
dye molecules. The wavelength of the laser light is set to the absorption
maxima of the fluorescent molecule and the emission intensity is measured
at the wavelength for its emission maxima. This is depicted in Figure 3.6
(right), where the energy of fluorescence emission (longer wavelength) is
always less than the absorbed energy due to the energy loss in the excited
state.

S1" —— ,
Intensity
"l/l,\’ s

hv(Ex) hv(Em)

SO A J

Max I(Abs) Max (Em) A

Figure 3.6. An illustration of the absorption, excitation, and emission of
light by a fluorescence molecule shown as a Jablonski diagram (left) and as
intensity versus wavelength (right).

3.4.1 Total internal reflection fluorescence (TIRF)

TIRF is an optical method capable of detecting fluorescent molecules
adsorbed at or in the vicinity of a solid interface.”” The instrument used in
paper 1V was built at YKI, (Sweden), and has been thoroughly described by
Lassen and Malmsten.”® In paper VI, TIRF measurements were carried out
with a modular Spex-Fluorolog-3 fluorescence spectrometer (Horiba Jobin
Yvon, Edison, NJ, USA). The latter instrument set-up is superior in that it
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can measure the emission intensity at several wavelengths simultaneously
(which is required for FRET measurements, section 3.4.2).

Figure 3.7 shows a schematic of the TIRF technique, where incident light is
fully reflected from the interface between two media of different optical
density (refractive index), where n; > n,. In this work media 1 was a quartz
glass substrate (n, = 1.46-1.47) and media 2 was either a protein or polymer
solution (n, =1.34). At the interface, an evanescent wave penetrates into the
medium of lower refractive index (protein/polymer solution). The dye
molecules, bound to a polymer (paper V1) or protein (paper V), that are
within the evanescent field (< 200 nm from the interface in this case) will
absorb energy and become excited. The fluorescence emission intensity was
measured by the detector (photon counter).

detector

laser 0i > O¢

Intensity | ]
/\O\//\Q\//\Ov s

/ A CN A O N

evanescent wave
SO
depth dye labelled polymer/protein

Figure 3.7. A schematic of the TIRF technique.
A few conditions have to be fulfilled for the technique to work properly.

Total reflection only occurs if ny is larger than n, and the angle of incidence
6 exceed the critical angle &, calculated from Snell’s law:

0, =sin™(n,/n,) (3.10)
Further, the wavelength of the laser must coincide with the absorbance

region of the particular dye used and preferentially be close to its maximum
absorbance wavelength (see Figure 3.6).
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3.4.2 Fluorescence resonance energy transfer (FRET)

The FRET technique is based on the energy transfer between two
fluorophores. The same instrument and theory is used for FRET as for
TIRF, with the exception that two different fluorophores are required for
FRET. These two are referred to as donor dye and acceptor dye, where the
donor dye always has absorption maxima at shorter wavelengths than the
acceptor dye. The donor dye in its excited state may transfer energy through
dipole-dipole interactions to an acceptor dye in close proximity (1-10 nm).
Figure 3.8 shows an illustration of the FRET process where the dyes are
close enough (top in Figure 3.8) or too far apart (bottom in Figure 3.8) for
transfer of energy to occur. Experimentally, FRET is observed as a decrease
in emission intensity of the donor emission and an increase in acceptor
emission intensity when the system is excited at the donor excitation
wavelength. The efficiency of this transfer decreases with the 6™ power of
the dye separation distance Eq. (3.11), and if a sufficient distance separates
the dyes there is no change in the donor emission intensity caused by the
presence of the acceptor dye. The relation between energy transfer
efficiency, E, and the donor-acceptor dye separation, r, is given by:>

1

E=—— 3.11
1+ (r/R,) (3.1)

where Ry is the Forster radius at which E is 50 % for a specific dye pair. The
efficiency of energy transfer is calculated from exciting the system with the
donor excitation wavelength and measuring the donor emission intensity in
the presence, Fg,, and in the absence, F,, of the acceptor dye.59

_Fa
F

E=1 (3.12)
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Figure 3.8. A schematic of the FRET technique and the experimentally
measured changes in emission (Em) intensity (I) from the donor and
acceptor dyes depending on whether or not energy transfer occurs.

3.5 Surface Force Apparatus (SFA)

Interactions between biopolymer-coated surfaces were investigated using
the MARK-IV™ SFA (Anutech, Australia) in papers I-11. With this technique
the total force acting between two macroscopic molecularly smooth surfaces
in a crossed cylinder configuration is measured as a function of surface
separation. A schematic of the technique is shown in Figure 3.9. In brief,
SFA provides information on surface forces, layer thickness (extended and
compressed) and layer compressibility. In this technique two surfaces are
used, mica sheets glued onto silica disks with a silver coating facing the
disk. One surface is mounted on a cantilever spring and the other surface is
mounted on a piezoelectric crystal, which is used to change the separation
between the two mica surfaces. The surface separation is obtained by optical
interferometry using a white-light source and analyzing the fringes of equal
chromatic order (FECO) when surfaces are in contact and far apart. During
each force-distance measurement, the movement of the piezo is calibrated at
large separations where no force acts between the surfaces. This also
corresponds to the change in surface separations (AD). At smaller
separations, where the surfaces interact, the change in surface separation
will be different from that when no interaction is present, at a given change
in piezo-voltage (4Dy). This difference is due to deflection of the cantilever
spring. The force, F, is then calculated from Hook’s law:
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F =k(AD—-AD,) (3.13)

where k is the spring constant. The resolution in surface separation is about
1-2 A while the resolution in the force, normalized with the local radius of
the interacting surfaces, is approximately 10 uN/m.

560 nm 550 nm

To
spectrometer

White light

Figure 3.9. A schematic of the SFA technique kindly provided by Eva
Blomberg.

3.6 X-ray-photoelectron Spectroscopy (XPS)

XPS was used in paper | to provide the relative amounts of different
elements, (mainly nitrogen and carbon) in protein layers adsorbed on mica
surfaces. A detailed description of the instrument, Kratos AXIS HS X-ray
photoelectron spectrometer (Kratos Analytical, Manchester, UK), is
provided by Rojas et al.” The number of nitrogen atoms per unit area was
determined by comparing the N1s peak from the adsorbed protein with the
K2p 7%eak for the mica substrate following the method developed by Herder
etal.
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3.7 Materials and Substrates

The main materials and substrates used in this work and their characteristics
are briefly summarized in Table 3.2 and Table 3.3, respectively. A more
detailed description can be found in sections 3.7.1 and 3.7.2.

Table 3.2. Brief description of the physical properties of the chemicals used
in this work.

Source Type My Charge Main ionization iep
(kDa) (sign) groups
Chitosan Crab shells Linear 150 positive amine (pKa = 6-6.5)
polysaccharide
Heparin porcine intestinal Linear 14 negative Sulfate (pKa = 1) and
mucosa polysaccharide Carboxyl (pKa ~3)
SDS synthetic Anionic 0.288 negative Sulfate (pKa = 1)
surfactant
Lysozyme hen egg white Hard gtlo_bular 14.1 net positive pH 11
protein
ﬁ-casein bovine milk Flexiple 24 net negative pH5.2
protein
Mucin bovine Linear Flexible 2900 net negative sialic acid (pKa =~ 2.6) and
(further SUb';Zf]g'ary glycoprotein sulfate (pKa =~ 1)
purified)
Mucin bovine Linear Flexible 7000 net negative sialic acid (pKa =~ 2.6) and
(as submaxillary glycoprotein sulfate (pKa ~ 1)
. gland
received)
Albumin Bovine serum Soft globular 66 net negative pH 4.7
protein

3.7.1 Proteins

Mucins are large glycoproteins (M,, > 1 MDa) with important functions in
the mucous, which covers the epithelial cell surfaces. Its function is to
lubricate the surface by binding water and to prevent non-specific
interactions of cells and proteins. The carbohydrate content is large,
constituting approximately 80 % of the total mass of mucin. Further, it
contains a large amount of sialic acid (pKa ~ 2.6) and sulfate groups (pKa ~
1) that makes mucin highly negatively charged at most solution pHs. In this
work bovine submaxillary gland mucin, BSM (Sigma M3895), was used
either as received (paper Il1I) and/or further purified (paper 1). The
purification step reduces the average M,, from approximately 7 MDa’’ to
2.978MDa78, whereas the sialic content is increased from 12 wt-% to 36 wit-
%.

Bovine serum albumin (BSA) is a soft (low conformational stability)
globular protein with a molecular weight of 66 kDa and an isoelectric point
of 4.7.” Its structure is similar to the triangular shape (80x80x3 nm®) of
human serum album as estimated by X-ray crystallography.®® The BSA used
in this work was extracted from the Sigma BSM (M3895)."
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Lysozyme is a hard globular protein present in tears, saliva, and egg white.
It is an enzyme which causes the hydrolysis of bacterial cell walls and
constitutes a defence mechanism against bacterial infections.®® The
lysozyme used in this work was obtained from hen egg white (Sigma-
Aldrich, L6876). It has an ellipsoidal structure with dimensions of
45x30x30 A, and a molecular weight of 14.1 kDa.®* The isoelectric point of
lysozyme is approximately 11, and at the pH used in this work (pH 8.5) it
has a net charge close to +8.%

B-casein is a flexible protein present in milk, where its function is to act as
an electric and steric barrier against fat coalescence.® The molecular weight
is approximately 24 kDa with an isoelectric point of 4.6 and a net charge of
-15 at pH 7.3 It is therefore net negatively charged at pH 8.5, which was the
pH used in this work. The p-casein (from bovine milk) was received from
Hannah Research Institute, Scotland.

3.7.2 Polysaccharides

There are many different classes of polyelectrolytes out of which charged
polysaccharides are one. The name polysaccharide refers to the sugar based
(saccharide) repeat unit, which makes the polysaccharides less flexible in
comparison to most linear synthetic polyelectrolytes.

Chitosan is a natural polysaccharide derived by alkaline deacetylation of
chitin, which is a polymer found in shellfish. Both chitosan and chitin
consist of N-acetyl-glucosamine and N-glucosamine, but when the number
of N-glucose units is higher than 50 % the polymer is termed chitosan. The
structure of chitosan is shown in Figure 3.10. It is a weak polyelectrolyte
since its charge depends on the solution pH (pKa = 6-6.5). In this work
chitosan from crab shells was used (Fluka, cat. No. 50494 or 22741).
Chitosan has a rather high intrinsic stiffness due to the saccharide units,
with a persistence length of 4 nm. The degree of deacteylation for the
chitosan used in this study was 85-90 % and the persistence length was
approximately 6 nm at pH 4, where the polymer is highly charged.?*"* The
polysaccharide is widely used in biomedical applications, such as drug
formulations and antibacterial treatment, due to its biocompatibility,
biodegradability, and antibacterial properties.®®’
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Figure 3.10. The molecular structure of chitosan.

Heparin is an anionic polysaccharide isolated from animal tissues that
belong to the glucoaminoglycan family. Heparin is highly sulfated, which
together with its carboxyl groups renders it highly negatively charged in
solution above pH 1. It is heterogeneous in size and composition but the
sequence shown in Figure 3.11 accounts for more than 80 % of the
molecules.?® A radius of gyration of 4.2 nm has been estimated from SAXS
measurements in 0.2 M NaCl and a molecular weight equal to that used in
this study, 14 kDa.® Due to the unique 3-sulfated GIcNSOs in some of the
chains, it possesses anticoagulant activity and it has been used for nearly 40
years in medicine and surgery, i.e. heart-lung machines and artificial
kidneys to avoid blood clotting.?® Heparin from porcine intestinal mucosa
was obtained from Merck Bioscience (cat. No. 375095).

COOH CH,0SOzH
O *

* 0o |~
™~ OH © g
OH

OSO3H HNSO3H

- n

Figure 3.11. Structure of the major repeat unit in heparin, showing the four
ionisable groups, three sulfate and one carboxyl per disaccharide unit.

3.7.3 Substrates

Adsorption studies were mainly carried out on negatively charged
hydrophilic substrates such as mica, silica or glass. The reason for using
slightly different substrates was due to instrumental requirements. The
cleaning procedure of the substrate surfaces varied between the different
experimental techniques. However, it is important to note that all substrates
become highly negatively charged and hydrophilic after cleaning, with
contact angles less than 10°.
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Table 3.3. An overview of the substrates used in this work.

Surface Contact
Method Substrate Cleaning?® potential )
b) angle
Quartz crystals .
QCM-D and covered with silica Alkaline surfactant Negative <10°
AFM - solution
(oxide layer 50 nm)
Silica waveguides Acid/metr_\anol solution ) R
DPI doped with nitrogen and alkalme'surfactant Negative <10
solution
Silicon slides covered Alkaline surfactant Negative
Ellipsometry with silica (oxide solution or acid and 45 my® 9 <10°
layer ~30 nm) base
Alkaline surfactant
TIRF, FRET Quartz glass solution or acid and Negative <10°
base
Negative
SFA and XPS Mica Freshly cleaved -85to ;1100 <10°
mVv

a) For details of the cleaning procedure the readers are referred to the appended

papers.

b) For the silica and glass surfaces the charge originates from silanol surface groups.
The negative charge of the mica originates from isomorphous substitution of Si**
for AI** in the mica crystal.®*

C) After the cleaning procedure the surfaces were completely wetted by water and the
advancing contact angle was very difficult to measure accurately.
d) Measured at pH 7.0 and 1 mM NaCl. The magnitude of the charge increases with
increasing pH and ionic strength due to dissociation of the silanol groups.*® ** The

isoelectric point (iep) of silica is at approximately pH 2.%
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4 Summary of Key Results

This section summarizes the results that were particularly interesting in this
work. For a full coverage of all results, the reader is referred to the included
papers, attached at the end of the thesis.

4.1 Adsorption of mucin (BSM) depending on its purity

The main goal in paper | was to understand how impurities of small
proteins, particularly bovine serum albumin (BSA), present in bovine
submaxilary mucin (BSM) preparations influence the adsorption and layer
structure of BSM on negatively charged hydrophilic surfaces. Our interest
stems from a previous finding that as received commercial BSM (Sigma,
M3895) contains up to 9 wt-% of albumin (BSA).* However, BSA could be
eliminated after additional purification, resulting in a pure BSM product,
which in the following is referred to as purified BSM.* The surface force
apparatus (SFA) was used to obtain information about the layer structure of
adsorbed as received BSM, purified BSM, pure BSA, and pre-equilibrated
mixtures of purified BSM and BSA on mica. The force curves, in Figures
4.1-4.2 also include schematic drawings showing our interpretation of the
unperturbed layer structure prior to compression.

4.1.1 As received versus purified BSM

The force measured between two mica surfaces pre-coated with as received
BSM and purified BSM across a PBS buffer solution (at pH 7.4 and ionic
strength 150 mM) is shown in Figure 4.1. The force measured between the
uncoated mica surfaces in the buffer solution is shown as a solid line in
Figure 4.1a, where a repulsive electrostatic double layer force is seen at
surface separations below 40 A. When the BSM-coated surfaces are moved
towards each other, a steric force begins at approximately 300-500 A. This
distance indicates that the length of the extended layer is 150-250 A on each
mica surface. The extended layer, which we suggest contains a large
number of loops and tails (see schematics), is compressed into a very thin
film. The tails and loops are irreversibly compressed, on the time scale of
the measurement, since there is a hysteresis in the force profile between
compression and decompression (open symbols). The thin compressed
layers and the high compressibility are a result of low BSM chain density on
mica due to that, in the solution conditions used, both mica and BSM
molecules are highly negatively charged.

By comparing the compressed layer thickness of the layer adsorbed from
purified BSM (10 A per surface, Figure 4.1a) with that adsorbed from as
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received BSM (35 A per surface, Figure 4.1b), it was found that the purified
BSM compressed into a significantly thinner layer. The discrepancy
indicates that the layer adsorbed from as received BSM probably contained
impurities e.g. BSA.
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Figure 4.1. The force as a function of surface separation between two mica
surfaces uncoated (solid line) or pre-coated with purified BSM across a
PBS buffer solution is shown in Figure a) for two separate measurements
(circles and diamonds). In Figure b), the mica surfaces were pre-coated
with a protein layer adsorbed from as received BSM (red diamonds) or a
pre-equilibrated BSM-BSA mixture with 9 wt-% BSA (blue circles). Filled
and unfilled symbols represent the force measured on approach and
separation, respectively. The Schematics show our interpretation of the
unperturbed layer structure prior to compression.

4.1.2 Pre-equilibrated fractions of BSM and BSA

In Figure 4.1b, the force profiles of layers adsorbed from as received BSM
or a pre-equilibrated BSM-BSA mixture with 9 wt-% BSA are shown. In
terms of compressed layer thickness these layers are very similar. However,
the force profiles display a different structure since only the layer adsorbed
from as received BSM shows a hysteresis in the measured force between
compression and decompression (marked with an arrow in Figure 4.1b). An
increased fraction of BSA to BSM in the deposition solution (50 wt-%
BSA) results in a considerably thicker adsorbed layer (Figure 4.2).

The small difference between extended and compressed layer thickness
reflects a dense layer structure, consistent with the rigid structure of
adsorbed BSM-BSA complexes on polystyrene surfaces as previously
reported by Feiler et al.”® Further, the layer adsorbed from the BSM-BSA
mixture (50 wt-% BSA) is significantly thicker than that formed after
adsorption of pure BSA (Figure 4.2).
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Figure 4.2. The force as a function of surface separation between two mica
surfaces pre-coated with BSA (blue diamonds) and a pre-equilibrated BSM-
BSA mixture having 50 wt-% BSA (red circles) across a PBS buffer
solution. Filled and unfilled symbols represent the force measured on
approach and separation, respectively. The Schematics show our
interpretation of the unperturbed layer structure prior to compression.

Complementary results obtained with X-ray photoelectron spectroscopy
(XPS) show that the chemical composition of layers adsorbed from BSA or
the BSM-BSA mixed solution (50 wt-% BSA) is identical (Table 4.1).
Thus, BSA is the dominant species in mixed BSA-BSM layers adsorbed
from 1:1 mixtures of BSA and BSM. However, from Figure 4.2 it is evident
that the small amount of BSM in the layer significantly affects its final layer
structure. Further, the chemical composition (number of nitrogen atoms) for
layers adsorbed from the BSM-BSA solution having a 5 wt-% BSA is
higher, but approaches, the one obtained from as received BSM, see Table
4.1. Hence, the difference in the force profiles between as received BSM
and the pre-equilibrated BSM-BSA mixture (9 wt-% BSA), in Figure 4.1b,
can be explained by a higher BSA content in the BSM-BSA solution, which
results in a more compact layer with a lower fraction of extended loops and
tails. Thus, it is of great importance to characterize the mucin used, since
differences in purity resulted in very different adsorption behaviours of
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BSM in terms of adsorbed amount and layer structure. The presence of BSA
impurities altered the adsorption of BSM significantly.

Table 4.1. X-ray photoelectron spectroscopy analysis of protein-coated
mica surfaces, showing the number of nitrogen atoms per cm® and the
carbon content in protein layers relative the bare mica surface. The
maximum and minimum values reported are due to that three independent
measurements were carried out on pure mica surfaces.

Adsorption of: No. of Nitrogens/cm? Area(C)protein/ Area(C)mica
BSM (as received) (1.35-1.44)x10" 1.2-1.3
BSM (purified) (3.6-3.9)x10% 1.0-11
BSA (1.2-1.3)x10" 3.4-38
BSM:BSA (50 wt-% BSA) (1.2-1.3)x10" 3.4-3.8
BSM:BSA (9 wt-% BSA) (3.0-3.2)x10™ 1517
BSM:BSA (5 wt-% BSA) (2.2-2.3)x10" 13-15

4.1.3 Driving force for adsorption of BSM and BSA

Many proteins are known to adsorb to negatively charged surfaces from
solutions having pH-values above their isoelectric point (iep) even though,
the protein and the surface have the same sign on their net charge. The
driving force for globular proteins (such as albumin) has been suggested to
origin mainly from structural rearrangements within the protein upon
adsorption.™ " The gain in entropy upon BSA adsorption then overcomes
the electrostatic repulsion, especially at sufficiently high salt concentration
due to screening. This explains the relatively thick BSA layer adsorbed on
mica in Figure 4.2.

In paper I and I, we suggested that the adsorption of BSM to mica surfaces
is driven mainly by the electrostatic attraction between positively charged
patches on BSM and the negatively charged mica surface even though BSM
is net negatively charged. There are mainly two findings, which makes us
believe that this adsorption is driven by electrostatics: Lindh et al. showed
that an increased salt concentration enhanced the adsorption of BSM to
negatively charged surfaces due to the decreased BSM-surface charge
repulsion.’® Further, Felddtd et al. showed that substantially more BSM
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adsorbed on a negatively charged hydrophilic surface than on a hydrophilic
uncharged surface.”’ The extended BSM conformation on mica with loops
and tails and the pure repulsion observed upon compression/decompression
in Figure 4.1 is then a consequence of the electrostatic repulsion. For the
adsorption of BSM-BSA complexes it is important to note that the BSM and
BSA forms complexes already in the pre-equilibrated mixed solution, which
then adsorbs onto the substrate. It has been shown previously that BSM
does not adsorb onto a BSA layer pre-adsorbed on polystyrene (PS)
surfaces, whereas BSA adsorbed onto a pre-adsorbed BSM layer.*® Further,
in line with our findings a substantial amount of BSM-BSA complexes
adsorbed on PS. However, the PS surface is not only negatively charged but
also hydrophobic, and the hydrophobic interaction is probably the major
driving force for adsorption of BSM-BSA complexes to the substrate.

4.2 Interactions between SDS and pre-adsorbed BSM on
silica

The adsorption studies with BSM on negatively charged hydrophilic
surfaces in paper Il were carried out with the as received BSM used in paper
I. In order to compare our results with those in a previous report'’, the BSM
solution deposition conditions (a 30 mM NaCl solution at pH 5.8) were
different from that used in paper I. The ellipsometry measurement in Figure
4.3 shows that the net negatively charged BSM adsorbs to the negatively
charged silica substrate in line with that observed on mica in Figure 4.1. The
adsorbed amount is only slightly decreased upon rinsing with a polymer-
free background solution. Addition of SDS with a surfactant concentration
equal to 3.3 mM (1 cmc SDS in 30 mM NacCl) results in desorption of 80 %
of the pre-adsorbed mucin. It should be noted that SDS has no affinity for
silica and hence desorption is not due to a competitive process between
BSM and SDS for the silica substrate.”*®” The interaction between SDS and
pre-adsorbed BSM on negatively charged hydrophilic surfaces is mainly of
hydrophobic origin, as also suggested in previous reports.””” Desorption of
BSM-SDS complexes results from an increased repulsion between the
negatively charged substrate and the higher negatively charge of BSM-SDS
complexes compared to BSM alone. This well known finding is actually
affecting us in our daily life routines, since mucins are important for
hydration® and lubrication®*'® in the oral cavity (mucosa) and most
personal care products such as toothpaste contain SDS. As a result, some
people get a dry mouth feeling after brushing their teeth with toothpaste,
and it can be a severe problem for those having an impaired saliva
production.
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Figure 4.3. The adsorption of BSM on silica as a function of time. After
about 80 min the surface is rinsed with the background solution, r, and then
by SDS, and finally with the background solution again. The concentration
of SDS was 1 cmc, which is equal to 3.3 mM in the 30 mM NacCl
background solution. Measurements were carried out with the ellipsometry
technique.

4.3 Interactions between SDS and preadsorbed BSM-
chitosan complexes on silica

In order to prevent BSM desorption by SDS, we investigated the possibility
of using a protective layer of the natural cationic polysaccharide, chitosan,
adsorbed onto the pre-adsorbed BSM layer. The average film thickness of
the BSM layer on silica is relatively large (34 nm), and the very low
refractive index of 1.346 is similar to the one of the background electrolyte
solution (1.343) in Figure 4.4. Thus, these characteristics are in line with the
extended and highly compressible BSM layer adsorbed on mica, as
observed in paper | (Figure 4.1). Clearly, BSM layers contain large amounts
of solvent. In Figure 4.4 it is shown that adsorption of chitosan results in a
very small increase in the adsorbed amount (0.1 mg/m?) and layer refractive
index, whereas a significant decrease is observed in the layer thickness. This
indicates that adsorption of chitosan induces a significant compaction. The
adsorbed amount increases further upon addition of SDS but the binding
between SDS and BSM-chitosan complexes is weak since most of the SDS
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can be rinsed off by the background solution. Clearly the BSM-chitosan
complexes resist desorption by SDS. However, recently it has been shown
that the layer compaction induced by adsorption of chitosan (in Figure 4.4b)
reduces the lubrication properties of the BSM film.” This could result in a
dry mouth feeling, similar to that induced on BSM by exposure to SDS.
However, it is important to note that even though mucins are the major
protein constituents of mucous, other proteins such as albumin, lysozyme,
lactoferrin, and 1gG associate with mucins in the native mucous.’™ As
observed in section 4.1, the BSM layers containing BSA has a less extended
structure compared to those containing only BSM. As a consequence,
chitosan adsorption to a mucous film does not necessarily induce such a
severe layer compaction as observed here.
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Figure 4.4. The evolution in ellipsometric adsorbed amount (a), layer
thickness (line) and refractive index (diamonds) (b) of a BSM layer
adsorbing on silica, followed by adsorption of chitosan and SDS. Every
adsorption step is followed by rinsing, r, with the background electrolyte
solution (30 mM NaCl). The concentration of SDS was 1 cmc, which is
equal to 3.3 mM in the electrolyte solution.
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4.4 Interactions between SDS and preadsorbed chitosan
on silica

The seemingly weak interactions between BSM-chitosan layers and SDS
lead us to further explore the interaction between SDS and chitosan in more
detail. In paper Ill, the interactions between chitosan and SDS were
investigated at the solid-liquid interface and in bulk solution with particular
emphasis on the effect of solution ionic strength. For this purpose several
different measurement techniques were used in order to follow the chitosan-
SDS association at the air-liquid interface, bulk phase, and at the low
charged silica substrate at pH 4. This section deals exclusively with the
silica-chitosan and silica-chitosan-SDS interactions, and the interested
reader is referred to paper Ill for a description of the chitosan-SDS
interactions in bulk solution and at the air-liquid interface.

4.4.1 Adsorption of chitosan on silica surfaces

The electrostatic interactions, such as the surface-chitosan attraction and the
inter/intra molecular electrostatic repulsion of chitosan can be altered by
changes in solution ionic strength. Figure 4.5a shows the ellipsometric
adsorbed amount, I'gpips, and thickness, deips, OF chitosan layers adsorbed on
silica from solutions with a NaNOj; concentration ranging from 0.1 mM to
500 mM. The increase in NaNOj3 concentration from 0.1 mM to 30 mM
resulted in a significant increase in both T'gyps (from 0.1 mg/m? to 0.14
mg/mz) and dgjips (from 0.5 nm to 2 nm), whereas these changes were in
comparison small upon further increasing the ionic strength in the interval
30-500 mM. Further, no adsorption of chitosan to silica was detected at
1000 mM. This dependence on solution ionic strength suggests that the
major driving force for chitosan adsorption on silica at pH 4 is the
electrostatic attraction. At this pH chitosan is highly positively charged due
to its many protonated amine groups, whereas silica has a low negative
charge density (iep = 2).** The electrostatic attractions can occur due to a
polymer-induced dissociation of surface silanol groups as suggested by
Shubin and Linse.'® The increased ionic strength induces screening of the
charges along the chitosan chains and the polymer adopts a more coiled
structure, resulting in thicker layers and higher adsorbed amounts. However,
the electrostatic attraction between chitosan and the oppositely charged
substrate is also screened by salt and at sufficiently high ionic strength
(1000 mM) no adsorption occurs.
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Figure 4.5. The adsorbed amount (/gips) and thickness (deiips) measured
with ellipsometry (a) and the sensed mass (mqcm) and layer dissipation per
unit sensed mass (D/mgcm) obtained with QCM-D (b) is shown for an
adsorbed chitosan layer on silica as a function of the deposition solution
NaNQOj; concentration. Error bars indicate the standard deviation between
three independent measurements.

The same measurements carried out with the QCM-D technique shows
essentially the same evolution in chitosan sensed mass, mgcwm, as a function
of solution ionic strength (Figure 4.5b). The major difference is that the
sensed mass is considerably higher than the adsorbed amount. This is due to
that ellipsometry measures the “dry” adsorbed amount whereas QCM-D
measures the sensed mass, which also includes the trapped/bound solvent in
an adsorbed layer. From the difference, we estimated the relative solvent
content from Eg. (3.6) to on average 75 wt-% and 90-95 wt-% in layers
adsorbed from a 0.1 mM and > 30 mM solution, respectively. The QCM-D
technique also provides information of the layer structure, which is shown
as the energy dissipation per unit sensed mass, D/mqcwm, in Figure 4.5b. At
0.1 mM the layer is rigid (low D/mqgcm), Whereas layers adsorbed from
solutions at or above 30 mM are more dissipative. The high water content in
all films and the low water content dependence on changes in film thickness
and in layer rigidity is unexpected. This is suggested to be caused by the
incomplete substrate coverage of chitosan, which is 15 % for the highest
adsorbed amount 0.15 mg/m?, if we assume an area of 25 A? per glucoside
ring.’®® The “patchy” adsorbed layers are rough in the nanoscale range,
which results in that a large part of the solvent is mechanically trapped in-
between polymer molecules and thus oscillates with the QCM crystal.**
This is reasonable since the solvent content (75-95 wt-%) is similar to the
percentage of uncovered substrate area.
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A comparison of the adsorption of chitosan on low charged silica (Figure
4.5) with that previously reported on highly charged mica when using
identical solution conditions, shows a ten times higher chitosan adsorbed
amount on mica.’® However, the layer response to solution ionic strength
was similar, with thicker layers being formed at higher ionic strength. In
paper V, chitosan adsorption studies were carried out on silica surfaces at
solution pH 5.8 and pH 4.2, using the QCM-D and dual polarization
interferometry (DPI) techniques. The electrolyte concentration was either 30
or 150 mM NacCl in these measurements. The results from that study (paper
V) are summarized in Table 4.2 together with some of the values obtained
from Figure 4.5. Both the adsorbed amount and sensed mass increase when
the solution deposition pH is raised from pH 4.2 to pH 5.8. This is
reasonable since silica has a higher charge density at pH 5.8 compared to
pH 4.2 and the fact that chitosan molecules are less charged at 5.8 (pka = 6-
6.5)'%. As a consequence, more chitosan molecules have to adsorb in order
to compensate for the higher surface charge of silica at pH 5.8. However,
the layer structures are similar, independent of solution pH, since the
dissipation per unit sensed mass is, within experimental errors, almost the
same.

Table 4.2. A summary of the results on chitosan adsorption on silica
surfaces at various solution deposition conditions measured with
ellipsometry, DPI, and QCM-D.

pH 4.0 pH 4.2 pH 4.0 pH 5.8
lonic Tenips Topi Tocm DT qem Water Topi Taem DTqcm | Water
strength (mg/m?) (mg/m?) (mg/m?) (%) (mg/m?) (mg/m?) (mgim?) | (%)
(mM)
30 0.14 <0.1 1.4+0.1 1.240.1 90+2 0.54+0.07 2.8+0.3 0.9+0.1 80+4
100 015 - 2002 1.2+0.15 932 E - - -
150 - 0.15+0.05 2.0£0.7 1.4+1.0 90+9 0.61+0.03 3.5+0.4 0.9+0.3 82+3
300 0.15 - 2.7+0.4 1.1+0.1 94+2 - - - -

4.4.2 Interactions between SDS and pre-adsorbed chitosan

Figure 4.6 shows the interactions between SDS and preadsorbed chitosan on
silica surfaces in 0.1 mM NaNO; and 30 mM NaNOs; at pH 4.0. By
comparing the QCM-D results in Figure 4.6 c-d, it was found that the
response of chitosan layers on silica to addition of SDS was highly
dependent on the structure of the initial chitosan layer on silica. In 30 mM
(Figure 4.6 d) the relatively thick and extended chitosan layer was collapsed
by addition of SDS, whereas the collapse was insignificant in 0.1 mM
(Figure 4.6 c). The collapse in 30 mM occurred already at the lowest
surfactant concentration investigated, 0.02 cmc of SDS. This was observed
as an increase in ellipsometric adsorbed amount (Figure 4.6 b), whereas
there was a small and large decrease in QCM-D sensed mass and energy
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dissipation (Figure 4.6 d), respectively. The collapsed state persisted until
the reswelling began at approximately 0.6 cmc SDS. This is in line with the
SDS concentration range at which chitosan on highly charged mica is
collapsed in a 30 mM NaNO; solution.’®® Addition of SDS at 1 cmc initiated
desorption of chitosan-SDS complexes and major desorption was observed
upon rinsing. In 0.1 mM NaNO; (Figures 4.6 a and 4.6 c), SDS interacts
with chitosan already at 0.02 cmc SDS and there is a continuous increase in
adsorbed amount, sensed mass, and energy dissipation prior to the
observation of desorption of chitosan-SDS complexes at and above 0.6 cmc
SDS.
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Figure 4.6. Stepwise adsorption of SDS on a pre-adsorbed chitosan layer.
Figures a) and b) show the adsorbed amount from ellipsometry
measurements and figures c) and d) the sensed mass (upper curve) and the
dissipation (lower curve) obtained from QCM-D measurements at 0.1 mM
(a and c¢) and 30 mM (b and d) of NaNOs. Arrows with the abbreviation ch
show addition of chitosan onto a silica substrate and the letters r show
rinsing with the background electrolyte solution. The fraction of cmc of SDS
is then continuously increased from 0.02 cmc to 1.0 cmc. Arrows number 1-
8 show addition of SDS in the following fractions of cmc: 1)0.02, 2)0.05,
3)0.1, 4)0.2, 5)0.4, 6)0.6, 7)0.8, 8)1.0. All solutions were adjusted to pH 4.0.
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The saturation binding of SDS to chitosan before desorption was calculated
from the assumption that no desorption occurs before the total adsorbed
amount decreases. Further, the mixed layers are assumed to consist only of
chitosan and hence the number of SDS to chitosan is probably a lower
estimate of the true value, since the adsorbed amount is proportional to
1/(dn/dc) in Eq. (3.9) and dn/dc is higher for pure chitosan than for SDS.
The approach results in a minimum saturation binding of 1.5+0.05
SDS/chitosan in 0.1 mM NaNO; and 1.01+0.05 SDS/chitosan in 30 mM
NaNO;. By considering that this is a lower estimate, it is likely that charge
reversal of complexes occurs prior to desorption. The phenomena of charge
reversal by adsorption of a cationic polyelectrolyte to negatively charged
substrates has been observed and reported several times in the past.'®?°% In
line with this study, Penfold et al showed that adsorption of a cationic
polymer reversed the surface charge of silica from negative to positive, to
which SDS associated strongly, whereas SDS had no affinity for silica.®’
This recharging process is believed to be the basis for the multilayer build-
up of polyelectrolytes with the layer-by-layer method,?? which is discussed
in more detail in the following sections and in papers II, 1V, V, and VI.

4.5 Sequential adsorption of biopolymers

4.5.1 Sequential adsorption of BSM and chitosan

In section 4.3, it was shown that chitosan could be sequentially adsorbed
onto a pre-adsorbed BSM layer on silica. It was further noticed in paper I,
that a multilayer film can be formed by alternating the adsorption of BSM
and chitosan, in the sense that there is a linear increase in adsorbed amount
with the number of BSM and chitosan deposition cycles (Figure 4.7).*
However, starting from the 6" layer, overshoots are observed during
adsorption of chitosan. That is, the adsorbed amount initially increases upon
addition of chitosan, but this is followed by a decrease with time as the layer
is exposed to the chitosan solution. This is probably due to re-dissolution of
soluble BSM-chitosan complexes into the bulk. An irregular film growth
has also been reported during sequential adsorption of chitosan and BSM on
hydrophobized silica surfaces.'® In line with our findings, the adsorption of
chitosan induced re-dissolution of BSM-chitosan complexes. In that study,
it was also shown that an increased concentration of chitosan in the
deposition solution caused an increased film disruption.
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Figure 4.7. The layer build-up from sequential adsorption of BSM and
chitosan on silica surfaces is shown as a function of time. The
concentrations of BSM and chitosan were 25 ppm and 20 ppm, respectively.
Arrows in the figure mark the additions and the abbreviation, r, indicates
rinsing with the 30 mM NaCl background electrolyte solution.

4.5.2 Sequential adsorption of lysozyme and B-casein

The aim in paper IV was to investigate the possibility of forming a
multilayer film containing only proteins. The proteins used were the
globular protein lysozyme and the flexible protein p-casein. These
measurements were carried out by alternate adsorption of lysozyme and (-
casein to a silica substrate at pH 8.5, a pH which ensures that the proteins
are oppositely net charged (lysozyme®/B-casein’). The solution deposition
ionic strength was varied in the interval 10-150 mM by supplementing a
TRIS buffer solution by NaCl. By varying the ionic strength and thereby
controlling the electrostatic interactions between the proteins and the
substrate, the layer build-up showed a different evolution in adsorbed
amount and sensed mass (Figures 4.8 and 4.10).
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Figure 4.8. Sequential adsorption of lysozyme and fS-casein on a silica
substrate, in a TRIS-NaCl buffer at 150 mM (a) and a TRIS buffer at 10 mM
(b). The ellipsometry adsorbed amount is shown as a function of the number
of adsorption steps where odd and even numbers shows lysozyme (&) and
p-casein (@) adsorption, respectively. The abbreviation, r, and open
symbols represent the adsorbed amount after rinsing with the protein free
buffer solution.

Figure 4.8 shows the ellipsometric adsorbed amount as a function of the
number of adsorption steps during sequential adsorption of lysozyme and f3-
casein in 150 mM (Figure 4.8 a) and 10 mM (Figure 4.8 b). The build-up is
irregular with an adsorption-desorption pattern and only a small increase in
adsorbed amount after each deposition cycle. The major difference is that at
an ionic strength of 150 mM, each addition of B-casein causes an increase in
the adsorbed amount, whereas the total amount decreases at an ionic
strength of 10 mM. The increase in adsorbed amount upon addition of f3-
casein in 150 mM buffer is due to adsorption onto the lysozyme layer, since
[-casein has no affinity for silica at this condition (Figure 4.9). However, by
rinsing with the protein free buffer solution, most of the increase in
adsorbed amount is diminished to approximately the same value as the first
lysozyme layer after rinsing. This shows that lysozyme, due to its net
positive charge, has a high affinity for the silica surface. At lower ionic
strength both lysozyme and B-casein show affinity for silica (Figure 4.8 and
4.9). Hence, it is difficult to judge whether the decrease in total adsorbed
amount at low ionic strength is due to adsorption of p-casein on top of
lysozyme or displacement of lysozyme by [p-casein. However, by
comparing the adsorbed amount of -casein on silica (Figure 4.9) it can be
seen that even if the total adsorbed amount decreases, it is still twice as
large compared to that of pure B-casein on silica. Therefore, it can be
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concluded that the layer after lysozyme and B-casein deposition most likely
contains a mixture of the two proteins.
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Figure 4.9. Adsorption kinetics of g-casein (2 mg/ml) at a silica substrate in
a TRIS-NaCl buffer of ionic strength 150 (circles), 50 (line) and 10
(diamonds) mM obtained from ellipsometry measurements.

The QCM-D sensed mass and layer energy dissipation due to sequential
adsorption of lysozyme and p-casein at 150 mM, 50 mM, and 10 mM are
depicted in Figure 4.10. In line with the results obtained with the
ellipsometry technigue, there is an increase in sensed mass upon addition of
[-casein to a pre-adsorbed lysozyme layer at 150 mM, and a decrease at 10
mM. The adsorption at intermediate ionic strength is qualitatively similar to
the results at 150 mM. Changes in energy dissipation are almost the same
independent of ionic strength, suggesting that the layer structure depends
more on the polyelectrolyte adsorbed in the outermost layer than on solution
ionic strength. The low dissipation values of layers having lysozyme
adsorbed in the outermost layer compared to the relatively high values
obtained for P-casein outer layers before rinse show that lysozyme
adsorption favours a more compact layer structure than p-casein, consistent
with the fact that lysozyme is globular, whereas p-casein has a random coil
structure in solution.
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Figure 4.10. Sequential adsorption of lysozyme and f-casein on a silica
substrate, in a TRIS-NaCl buffer at 150mM (a), a TRIS-NaCl buffer at 50
mM (b) and a TRIS buffer at 10 mM. The QCM-D sensed mass and energy
dissipation are shown as a function of the number of adsorption steps where
odd and even numbers show lysozyme (&) and f-casein (@) adsorption,
respectively. The abbreviation, r, and open symbols represent the result
after rinsing with the protein free buffer solution.

The irregular film growth and the low amount of protein adsorbed in each
deposition, which is far less than monolayer coverage, suggests a markedly
different layer structure compared to those usually reported for multilayers
of polyelectrolytes. However, it is important to note that the total adsorbed
amount (after rinse) is higher for mixed lysozyme-B-casein layers compared
to layers of only lysozyme or B-casein. The protein films probably contain
both proteins, but the structure is more an interpenetrated composite rather
than a classic multilayer. The difficulty that is encountered with the film
formation can be explained by the fact that proteins are not as flexible as
linear polyelectrolytes, and the charge distribution in proteins is complex
and zwitterionic. The importance of charge has been discussed also in
previous reports on the concept of multilayer build-up using proteins.®*’
The sequential adsorption of two oppositely charged globular proteins was
unsuccessful, which was explained by the charge not being
overcompensated after each protein deposition.®’ In a recent study where
subsequent additions of three different cationic proteins; lysozyme,
lactoperoxidase or lactoferrin were carried out to a surface pre-coated with
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the anionic mucin (MUC5B) protein showed that the protein pair having
similar magnitude of charge formed the most regular build-up.’ This was the
sequential adsorption of mucin (MUC5B) and lactoperoxidase, where
adsorption resembled an adsorption-desorption pattern but the adsorbed
amount increased with the bilayer number.

4.5.3 Sequential adsorption of chitosan and heparin

The encouraging results of the layer-by-layer assembly using a glycoprotein
and a polysaccharide motivated me to make use of two natural
polysaccharides for multilayer formation. In papers V and VI, the aim was
to explore the structure of a chitosan-heparin film sequentially adsorbed
from various solution deposition conditions on silica surfaces. It has
previously been shown that a multilayer film of the two polysaccharides has
the ability to reduce bacterial adhesion on medical implants where the
antimicrobial efficiency depended on the solution conditions used during
build-up.* The number of bacteria that adhered to the surface was found to
decrease with decreasing pH of the polymer assembly solution in the pH
range 2.9-6.0 with no added salt. However, the film adsorbed at pH 3.8 was
most efficient in killing bacteria that did adhere. The combination of these
two polysaccharides in multilayer formations is therefore very interesting
for different biomedical applications. For the purpose of understanding the
layer structure dependence on pH (pH 4.2 and pH 5.8 were used) of
chitosan and heparin layers, we studied the multilayers formed with several
techniques: DPI, QCM-D, TIRF, and FRET. The chitosan monomer
(saccharide) is approximately 90 % (pH 4.2) and 50 % (pH 5.8) charged due
to the primary amine group and a 90 % degree of deacetylation. Heparin in
on the other hand fully charged at both pH-values with up to four charges
per monomer (disaccharide). Further, the solution ionic strength was either
30 or 150 mM NacCl that provides an additional change in the layer structure
due to variations in electrostatic interactions.

The adsorbed amount and layer thickness of the chitosan-heparin films
adsorbed from various deposition conditions are shown as a function of
layer number in figure 4.11. Contrary to the multilayers formed using
proteins, (section 4.5.1 and 4.5.2) the sequential adsorption of these two
polysaccharides results in an increased adsorbed amount after each polymer
deposition. In line with previous findings, the thickness and adsorbed
amount increased when the deposition ionic strength and pH were
increased.'%*% Both chitosan and heparin have a relatively high intrinsic
stiffness™>*#2 and an increased ionic strength will decrease the
electrostatic repulsion between the segment charges, making them less stiff.
Thus, the increased adsorption results from the screening enhanced coil
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structure. A coiled-like structure of chitosan can also be achieved by
increasing the solution pH, since this also reduces the intramolecular
repulsion. Even though, the change in solution pH (from 4.2 to 5.8)
probably has a minor effect on the heparin structure in solution, it will have
an effect on the total film conformation. Previously, Shiratori and Rubner
have shown, for weak polyelectrolytes, that if one layer adsorbs in a coil-
like conformation, subsequent layers also adopt similar conformations
independent of their charge in solution.'*
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Figure 4.11. The adsorbed amount (a) and film thickness (b) of the film
formed after sequential adsorption of chitosan and heparin to a silica
substrate are shown as a function of layer number. All values are reported
after rinsing with the electrolyte background solution. In the Figure odd and
even numbers represent chitosan and heparin outer layers, respectively.
Filled symbols show build-up in solution in 150 mM NaCl at pH 5.8
(circles) or pH 4.2 (squares). Open symbols show the adsorption from a 30
mM NaCl solution at pH 5.8 (circles) or pH 4.2 (squares). Measurements
were carried out with the DPI technique.

45.4 Structure of the chitosan-heparin film

Measurements using the QCM-D technique was also carried out on the
multilayer build-up, where the sensed mass and thickness were calculated
from the Voight equations, Eq. (3.3-3.5) and for comparison also from the
Sauerbrey equation, Eqg. (3.1). Figure 4.12a shows the evolution in thickness
for the chitosan-heparin build-up in solution at pH 4.2 and 30 mM NacCl.
Independent of the equation used, there was an adsorption-desorption
pattern observed in term of total layer thickness for HEP and CH
adsorption, respectively. The decrease in thickness to a value that is lower
than that prior to addition in Figure 4.12 is not caused by
desorption/redissolution of complexes, as shown for the build-up of
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lysozyme and f-casein in Figure 4.10, since the “dry” DPI thickness
increases continuously (Figure 4.11). The irregular growth is instead caused
by structural changes such as compaction/swelling of the film. By
combining the results from the QCM and DPI techniques, we estimated the
relative solvent content in these layers according to Eq. (3.6). After
comparing the results in Figure 4.12 and 4.13 for the chitosan-heparin layer
deposition at pH 4.2 and 30 mM NaCl, we suggested that the decrease in
thickness upon CH adsorption was due to water being released from the
multilayer film, while again water diffuses into the film upon adsorption of
the next HEP layer causing an increased film thickness.

The difference between Voight thickness (dy) and Sauerbrey thickness (ds),
in Figure 4.12a, is as expected larger for layers with high-energy dissipation
(Figure 4.12b). Even though d; is on average 25 = 15 % higher than ds
depending on the film energy dissipation (4D), the thickness evolutions are
very similar. However, since a plot of Sauerbrey sensed mass as a function
of the frequency squared for these layers was non-linear and resembled the
schematic shown in Figure 3.3, we draw the conclusion that Voight is a
better model than Sauerbrey for this system.

The large difference in energy dissipation between overtones indicated that
the film has an inhomogeneous structure (Figure 4.12b). In all other QCM-
D measurements carried out in this work and to my knowledge also reported
in the literature, AD; is larger than ADs for an adsorbed film. Therefore, the
unexpected behaviour of the chitosan-heparin film prepared at this
particular solution condition (pH 4.2 and 30 mM NacCl) showing AD; > ADs
> AD; (Figure 4.12b) was further analyzed. A more extensive evaluation of
the parameters obtained from the Voight model (thickness, shear modulus
and viscosity of the film) showed that the change in energy dissipation does
not always provide the right viscoeleastic properties (rigid/viscoeleastic) of
the film. Instead, the layer viscoelasticity can be determined from the
relation between film viscosity and shear as described in paper V.
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Figure 4.12. The QCM-D layer thickness of a chitosan-heparin film
calculated from the Voight model (circles) or from the Sauerbrey equation
(squares) in a). The energy dissipation for the 3", 5™ and 7" are shown in
figure b). Measurements were carried out from a solution of solution ionic
strength 30 mM NaCl at pH 4.2. Odd and even number represents CH and
HEP outer layers, respectively.

Figure 4.13 shows that the relative solvent content decreases with the
number of deposited layers for all films, independent of the solution
deposition conditions. A decreased relative solvent content in the film
during build-up has been observed previously for films of the natural
polypeptides, PLL/PGA™. Furthermore, the difference due to whether
chitosan or heparin is adsorbed in the outermost layer becomes less
pronounced. However, even after the formation of 12 chitosan and heparin
layers, the film is highly hydrated, in the range 60-80 wt-% depending on
the deposition conditions. This agrees with the high swelling capacity
previously suggested for other polysaccharide based multilayer films that
were further found to inhibit cell attachments.>®" Soft highly hydrated films
therefore show favourable properties for avoiding cellular adhesion on for
example biomedical implants.
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Figure 4.13. The relative solvent content, Wsyent, in the film formed during
sequential adsorption of chitosan and heparin to a silica substrate are
shown as a function of layer number. All values are reported after rinsing
with the electrolyte background solution. In the Figure odd and even
numbers represent chitosan and heparin outer layers, respectively. Filled
symbols show build-up in solution in 150 mM NaCl at pH 5.8 (circles) or
pH 4.2 (squares). Open symbols show the adsorption from a 30 mM NaCl
solution at pH 5.8 (circles) or pH 4.2 (squares).

The structure and dynamics of the film was further evaluated by using two
fluorescence techniques: total internal reflection fluorescence, TIRF, and
fluorescence resonance energy transfer, FRET. Qualitative information
about how the film relaxes to accommodate additional layers was obtained
with TIRF using the pH-sensitive FITC (fluorescein-5-isothiocyanate) dye
embedded within the multilayer film. It is well known that the FITC
molecule changes between its prototropic forms depending on the solution
pH and on the local electrostatic potential in its close proximity.”*'*> A low
solution pH and closeness to a negatively charged substrate or
polyelectrolyte will favour protonation, which lowers the fluorescence
emission intensity."****°
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Figure 4.14. The change in emission intensity due to sequential adsorption
of chitosan (CH) and heparin (HEP) to a CH-FITC layer from a 150 mM
NaCl solution at pH 5.8. A precursor bilayer of CH/HEP, was pre-adsorbed
onto the quartz substrate before the CH-FITC solution was added. After
rinsing, indicated by r, the first injection of HEP is made. Subsequent
additions of unlabelled CH (black line) and HEP (grey line) produced an
increase or decrease in the fluorescence intensity, respectively.

Figure 4.14 shows that the FITC dye embedded in the chitosan and heparin
film is sensitive toward the charge of the polysaccharide that was added last
even after 14 sequential adsorption steps of unlabelled chitosan and heparin.
Note that changes in emission intensity occur even though neither chitosan
nor heparin was labelled in the layers adsorbed on top of the layer
containing chitosan-FITC molecules. Variation in ionization state for a
weak polyelectrolyte embedded in a multilayer polyelectrolyte film has
been observed previously by Fourier transform infrared spectroscopy.''®
The ionization of the weak polyelectrolyte oscillated with the net charge of
the outermost layer, changing in the direction that would maintain
electroneutrality of the multilayer. We expect that the same thing happen to
the carboxyl groups on the FITC molecule. Hence, addition of the
negatively charged heparin to the film moves the overall electrostatic
potential in a more negative direction, favouring protonation of the
fluorescein dye, resulting in a decreased fluorescence emission. Further, the

54



4. Summary of Key Results

difference between the intensity maxima and minima decreased slightly
after each chitosan-heparin deposition cycle. Similar findings were made in
a previous study, showing variations in the emission intensity for multilayer
films of two flexible synthetic polyelectrolytes, poly(allylamine
hydrochloride) (PAH) and poly(styrenesulfonate) (PSS), containing a buried
PAH-FITC layer."” However, after deposition of 7 layers of PSS and PAH
on top of the PAH-FITC layer, these changes were evened out and for the
remaining film formation there were no further intensity changes.™*’ This
observation was attributed to a gradual densification of the film, whereby
the FITC molecules lost their sensitivity to changes in the outermost layer.
In contrast, for the chitosan-heparin build-up not even 14 layers of heparin
and chitosan were sufficient to reach a constant emission intensity value.
We believe that this finding reflects the different internal structure of
multilayers prepared from strong synthetic polyelectrolytes displaying a
linear growth, compared to the highly hydrated film formed by chitosan and
heparin showing an exponential-like growth.

455 The out-of-plane diffusion of chitosan in multilayer films

The main aim of paper VI was to determine whether the observed
exponential-like growth in thickness and adsorbed amount in Figure 4.11
could be attributed to out-of-plane (vertical) diffusion of chitosan molecules
within the chitosan-heparin film. It is in fact likely that chitosan is the
diffusing species since most of the reported exponential growing films
contain either chitosan or poly(L-lysine) (PLL) and confocal laser scanning
microscopy (CLSM) has shown that both polymers diffuse in the film %4
An interesting observation when comparing these reports is that when
hyaluronan is the polyanion, only the polycation (chitosan or PLL) diffuses,
whereas both poly(L-lysine) and poly(glutamic acid) diffuse through the
entire poly(L-lysine)/ poly(glutamic acid) film.

One problem is that CLSM is restricted to rather thick films*, whereas the
thickness of a 20 chitosan and heparin layer film is less than 70 nm (Figure
4.11). An alternative approach to CLSM for thin films is to study the out-of-
plane polyelectrolyte diffusion using the fluorescence resonance energy
transfer (FRET)*® **® technique. With a characteristic length scale of several
nanometers set by the Forster radius (in this study 7 nm), FRET makes it
possible to monitor polymer motion on much finer length scales and in
much thinner films. In FRET measurements chitosan molecules were
labelled by either a donor dye or an acceptor dye. Donor-acceptor energy
transfer is extremely sensitive to the distance between the fluorophores and
therefore serves as a reporter of changes in proximity of labelled polymers
as they diffuse. Both dyes (succinimidyl esters in the Alexa family of
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commercially available dyes) were insensitive to local changes in pH. By
varying the initial distance, i.e., the number of intermediate layers, between
the donor- and acceptor-labelled chitosan molecules in the film, the
diffusion path was varied.

Figure 4.15 shows two independent FRET measurements of the chitosan
and heparin multilayer build-up in solution at 150 mM NaCl and pH 5.8.
This was the deposition condition where the exponential-like growth was
most pronounced (Figure 4.11). The chitosan-donor dye molecules are
adsorbed in the 5" layer from the substrate and the chitosan-acceptor dye
molecules were adsorbed in the 7" or 19" layer according to the schematic.
The increased thickness of the intermediate film (from 1.8 nm to 49 nm)
should theoretically result in a large decrease in the energy transfer, E,
according to Eq. (3.11). The Figure demonstrates that chitosan molecules
are mobile in the layer after deposition. This is due to a significant and
instant energy transfer, E, upon addition of chitosan-acceptor dye when the
separation is 13 intermediate layers of heparin and chitosan between the
initial chitosan-donor placement and the chitosan-acceptor deposition. If the
dyes were separated by a distance of 49 nm (Figure 4.11), E would have
been only 7.5x10% according to Eq. (3.11), whereas E reaches 25% in
Figure 4.15.
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Figure 4.15. The efficiency of energy transfer, E, between the CH-Alexa
488 and CH-Alexa 555 dye molecules adsorbed in/on a CH-HEP multilayer
film prepared in a solution of 150 mM NaCl at pH 5.8. Symbols represent
donor and acceptor initially separated by one HEP layer (open diamonds)
or 13 CH/HEP bilayers (filled diamonds). These two situations are
illustrated by a schematic in the Figure. CH-Alexa 488 was present in layer
5. Arrows mark the addition of CH-Alexa 555 (acceptor dye) and the
beginning of a rinse with background electrolyte solution.
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4. Summary of Key Results

We further evaluated if the chitosan diffusion depends on the polymer
deposition solution conditions, hence, on the film structure. FRET
measurements were therefore carried out on the chitosan and heparin build-
up formed under different solution deposition conditions in Figure 4.16. In
all measurements the chitosan-donor dye molecules and the chitosan-
acceptor dye molecules were placed in layers separated by 13 heparin and
chitosan intermediate layers. However, it is important to note that the
thickness of this intermediate film is different depending on deposition
conditions (see Figure 4.11 or table-inset in Figure 4.16). The FRET
efficiency increases most rapidly in low ionic strength and low solution pH
deposition conditions. The key effect of the solution deposition conditions is
that the layers are thinner and denser in the low ionic strength, low pH
condition. The greater density could be expected to hinder polymer
diffusion due to a stronger complexation between chitosan and heparin at
these deposition conditions. However, it appears that the thickness of the
intermediate polymer film initially separating the two dyes is more
important than the actual compaction of the layers, and that the rate of
diffusion is in fact not significantly altered as more thoroughly explained in
paper VI.
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Figure 4.16. The efficiency of energy transfer, E, between the CH-Alexa
488 and CH-Alexa 555 dye molecules adsorbed in/fon a CH-HEP multilayer
film. The figure shows three independent measurements where 13 layers of
CH and HEP, namely (HEP-CH)s-HEP, were adsorbed in between the
layers containing the dyes. The thickness of these layers is shown in the
table. Film deposition was carried out from a solution at; 150 mM NaCl pH
5.8 (filled diamonds), 30 mM NaCl pH 5.8 (solid line) or 30 mM NaCl pH
4.2 (open diamonds). Arrows mark the addition of CH-Alexa 555 (acceptor
dye) and rinsing.
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5. Concluding Remarks and Future Aspects

5 Concluding Remarks and Future Aspects

The major part of this thesis is based on studies of layer-by-layer (LbL)
assembled multilayer films and since this work began the progress in this
field has been tremendous. The most interesting aspect of multilayer films is
the possibility of combining two or more species (usually polyelectrolytes)
and thereby obtaining their individual functions in one film. Since the LbL
method has the capacity to incorporate almost all types of high molecular
weight species with a large variety of functionalities, there are numerous
possible applications for the LbL films. It is generally claimed that the LbL
method is simple and cheap, since no advanced equipment is required for
film build-up. However, I would like to point out that as the name
“multilayer” implies it is quite tedious to prepare the films (even though this
multistep process can be automated). For that reason, | believe that the
greatest industrial potential for multilayer films is in applications of
technologically advanced products, which permits a relatively high price.

During the last decade, the main interest in multilayers has moved from a
fundamental interest in the complexation between strong synthetic
polyelectrolytes towards film formation using natural polyelectrolytes, such
as polysaccharides and polypeptides. Due to their biocompatibility, these
films constitute a rapidly growing field. In this thesis work we assembled
LbL films containing the natural polysaccharides chitosan and heparin and
studied how the physico-chemical properties (such as pH and ionic strength)
of the solution affected the growth, structure, and dynamics of the formed
multilayer film. In line with what has previously been reported for other
natural polymers, the film growth of chitosan and heparin showed an
exponential-like increase in thickness and adsorbed amount with the number
of deposited layers. One explanation for this behavior has been the
interlayer diffusion of at least one of the two polymers in the film during
build-up, which has been confirmed with the CLSM technique. However,
the chitosan-heparin film (with 20 alternateing layers) was too thin to
measure possible polymer interlayer diffusion with CLSM. We therefore
applied a different technique, FRET, to prove the vertical interlayer
diffusion of fluorescently labeled chitosan molecules within the film. Our
results showed that FRET could be a useful complement to the CLSM
technique in order to measure interlayer diffusion of a polyelectrolyte in a
multilayer film, especially for thin films in the 10 nm to 100 nm range
where CLSM is of limited use.
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5. Concluding Remarks and Future Aspects

The name “multilayer” film wrongly implies that the film structure is that of
lasagne or a sandwich, with discrete layers. Even the strong synthetic
polyelectrolytes form layers that have a “fuzzy” structure with diffuse
transitions between interpenetrated layers and a polymer distribution width
of approximately 3-5 layers. The chitosan-heparin films, show significant
interlayer diffusion, and should perhaps be referred to as a “multi-
component” film rather than a “mulilayer” film. However, our finding that a
pH sensitive dye adsorbed within the film was sensitive to the charge of the
outermost layer shows that the polymer adsorbed last has an influence on
the entire film. This is in agreement with different film structures (thickness
and dissipation) observed for chitosan and heparin terminated layers with
the QCM-D technique.

Chitosan-heparin films have previously been suggested for coatings of
medical implants (i.e. cardiovascular devises) where the anti-adhesive
properties of heparin were combined with the antibacterial properties of
chitosan. In that study it was shown that the film deposited at pH 4 was
most efficient for these purposes. In this work, we showed that films
constructed at this pH had the highest water content (= 80 wt-%), which is
consistent with what is commonly known to prevent adhesion of bacteria on
surfaces. For future aspects it would be interesting to evaluate the
antibacterial properties of the films prepared in this study (with different
solution deposition conditions of pH and ionic strength) and to find out
whether the number of deposited layers in the multilayer has an effect on
the anti-adhesive-antibacterial properties of the film. Previous antibacterial
tests on heparin-chitosan films were carried out with chitosan adsorbed in
the outermost layer, and for that reason it would be exciting to investigate
whether a film that has heparin adsorbed last changes the antibacterial
efficiency.

In several of the studies carried out in this thesis, we showed the advantage
of using the QCM-D technigque, which measures the “wet” mass and the
energy dissipation, together with a complementary technique that measures
the “dry” mass such as ellipsometry or DPI. This combination provides
additional information about the water content and more accurate
determinations of the film structure. Information obtained from only QCM-
D may provide misleading information as shown for the chitosan—heparin
film build-up, which showed a stepwise increase-decrease in mass
depending on the polysaccharide that was adsorbed last. This would have
been interpreted as a stepwise adsorption-desorption pattern if the DPI data
had not shown a continuous increase in “dry” mass. The decrease in QCM-
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5. Concluding Remarks and Future Aspects

D was therefore attributed to a layer compaction (due to release of water)
instead of desorption. Thus, great care has to be taken when evaluating data
obtained with the QCM-D technique.

We further showed the importance of using a correct model to calculate the
sensed mass from the measured frequency change when using QCM-D. For
the highly hydrated and viscoelastic chitosan and heparin film, the mass
calculated from the Sauerbrey equation could be underestimated by as much
as 40 % compared to the mass obtained from the Voight model. Another
outcome of that study was that an increase in energy dissipation could be
observed even though the film became more rigid. This was the case for
layers displaying higher energy dissipation at higher overtone numbers, but
before we make a general statement on this finding, more investigations are
needed.

The adsorption studies of mucin (BSM) indicated that the level of
purification (e.g. presence of albumin) affected the adsorption and structure
of BSM on negatively charged hydrophilic surfaces. An increased amount
of BSA in the BSM deposition solution resulted in the formation of a
compact/rigid layer of mucin-BSA complexes compared to the highly
extended layer formed after adsorption from solutions of pure BSM. The
interplay between mucin and other mucous components is an interesting
subject considering the large number of nonmucin material present in the
mucous environment. We showed that the desorption of a pre-adsorbed
BSM layer induced by SDS could be prevented by a protective coating of
chitosan. The adsorption of chitosan on mucin induced structural changes in
the adsorbed layer such that the SDS binding sites on mucin became
blocked. This offers a possible way to protect mucous layers.

Finally, we demonstraded that alternate deposition of mucin and chitosan
resulted in a multilayer-like film, whereas alternate deposition of lysozyme
and [B-casein resulted in protein complexes at the surface, where the
adsorbed amount only increased slightly for each lysozyme-p-casein
deposition cycle. It would be interesting to find out if the layer build-up
could be improved by, for example, lowering the protein deposition
concentration, or if the structure of B-casein (surfactant-like) restrains the
multilayer formation.
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