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Abstract
The aim of this thesis was to obtain a better understanding of the association between
surfactants and biopolymers in bulk solutions and at solid/aqueous liquid interface. In order to
do this, the interactions between surfactants and biopolymers were investigated with a variety
of experimental techniques.

The main focus has been on the interactions between fluorosurfactants and proteins, which are
important during electrophoresis of proteins in silica capillaries. Electrophoretic separation of
positively charged proteins is often complicated by non-specific adsorption of protein onto
capillary wall, while it was found to improve when cationic fluorosurfactants were added into
the background buffer. We investigated the interactions between a cationic fluorosurfactant,
FC134, and a positively charged protein, lysozyme. By employing Nuclear Magnetic
Resonance (NMR) and tensiometry we could conclude that the cationic fluorosurfactant did
not associate with positively charged lysozyme in bulk solutions. At the solid/aqueous liquid
interface, the adsorption of fluorosurfactants and lysozyme onto silica was studied by the
surface force technique (MASIF), ellipsometry, reflectrometry, Quartz Crystal Microbalance
(QCM-D) and Atomic Force Microscopy (AFM). Cationic fluorosurfactant FC134 was found
to adsorb onto the silica surface in a form of bilayer aggregates, which led to a charge reversal
of the originally negatively charged substrate. The adsorption of lysozyme onto silica was
also extensive and it corresponded to the more than monolayer coverage. When adsorbing
from mixed solutions, the presence of the cationic fluorosurfactant in the solution led to an
elimination of the lysozyme in the resulting adsorbed layer. For the lysozyme concentration of
0.2 mg/ml, which is typical for the electrophoretic separation, it was found that adsorption of
protein was suppressed by more than 90% when only 30 µM of FC134 was added into the
buffer. The presence of the low amounts of residual proteins in the adsorbed layers caused an
enhancement of the adsorption of fluorosurfactants, which was attributed to adsorption of the
fluorosurfactants between proteins in a form of large vesicles.

The interactions between a positively charged biopolymer chitosan and an anionic surfactant
sodium dodecylsulfate (SDS) were studied with respect to the effect of the ionic strength of
the background electrolyte, both in the bulk solution and at the silica/liquid interface. It was
shown that SDS and chitosan form complexes in the bulk solution, which reverse their charge
at higher SDS concentrations. At SDS concentrations above the critical micellar
concentration, large aggregates were formed, which were trapped in long-lived non-
equilibrium states at both high and low ionic strengths. SDS did not adsorb at the silica/liquid
interface by itself. However, by employing QCM-D and ellipsometry we detected an
extensive adsorption of SDS on the silica substrate, which has been modified by adsorbed
chitosan. The structure of the chitosan layer on the lowly charged silica was strongly affected
by the ionic strength of the solution from which the chitosan adsorption took place. The
interactions between SDS and the pre-adsorbed chitosan were found to be similar on lowly
charged silica and on highly charged mica.

A novel method based on the Bruggeman effective medium approximation was proposed for
the evaluation of ellipsometric data characterizing composite adsorbed layers.

Finally, the effect of the adsorbed layer surface roughness on the QCM-D response in liquid
was studied with focus on trapped water. It was found that QCM-D effectively senses water,
which is mechanically trapped inside topographical structures with the size in nano-meter
scale.



Sammanfattning
Den här avhandlingen handlar främst om att förbättra förståelsen för växelverkan mellan
tensider och biopolymerer i vätska och vid gränsytan mellan fast fas och vätska. För att
möjliggöra detta har flera olika experimentella tekniker använts.

Fokus har huvudsakligen lagts på att studera växelverkan mellan fluortensider och proteiner,
vilket är av yttersta vikt för protein elektrofores i kiselkapillärer. Ofta kompliceras
separationen av positivt laddade proteiner genom elektrofores av den ospecifika adsorptionen
av proteiner till kapillärväggarna. Genom att tillsätta en katjonisk tensid till lösningen har
separeringen av proteiner förbättrats. Vi har undersökt växelverkan mellan en katjonisk
tensid, FC134, och ett positivt laddat protein, lysozym vilka har använts som modell material
i studien. Med teknikerna NMR och tensiometri bevisades bristen av växelverkan mellan
positivt laddat lysozym och FC134 i lösning. Vid fast yta vattengränsytan studerades
adsorptionen av fluortensider och lysozym med hjälp av ytkraftsmätningar (MASIF),
ellipsometri, reflektometri, kvartskristallmikrovåg (QCM-D) och atomkraftmikroskop (AFM).
Den katjoniska tensiden FC 134 adsorberade till kiselytan i form av ett aggregerat biskikt
vilket resulterade i att den från början negativt laddade kiselytan fick en positiv nettoladdning.
Även en stor mängd lysozym adsorberade till kiselytan där mängden motsvarade mer än ett
monoskikt. Adsorption från en lösning som innehåller en blandning av tensid och protein
ledde till att tensiden hindrar lysozym från att adsorbera. För en lysozym koncentration på 0.2
mg/ml, som vanligtvis används vid separation genom elektrofores, minskade
proteinadsorptionen med mer än 90 % då endast 30 mM av FC134 tillsattes till lösningen. En
liten mängd protein i skiktet ökade adsorptionen av fluortensider vilket förklaras genom att
tensiden adsorberar i form av stora vesiklar mellan proteinerna.

Växelverkan mellan den positivt laddad biopolymeren chitosan och den anjoniska tensiden
natrium dodecylsulfat (SDS) studerades utifrån påverkan av lösningens jonstyrka i både
lösning och vid gränsytan kisel/vätska. Det visade sig att chitosan och SDS bildar komplex i
lösning som vid hög tensid koncentration ändrar komplexens nettoladdning. Vid SDS
koncentrationer över den kritiska micell koncentrationen bildas stora aggregat som fastnar i
långlivade ickejämviktstillstånd vid både hög och låg jonstyrka. SDS självadsorberar inte alls
på kiselytan. Däremot visar mätningar med ellipsometri och QCM-D att en stor mängd SDS
adsorberar till kisel som tidigare modifierats med chitosan. Strukturen av det adsorberade
chitosan lagret på kisel var starkt beroende av lösningens jonstyrka. Vi fann även att
växelverkan mellan SDS och chitosan som redan adsorberats till en lågladdad kiselyta eller
till en högladdad glimmeryta var ungefär densamma.

En ny metod based på ” Bruggeman effective medium approximation” för utvärdering av
ellipsometri data föreslås för skikt som innehåller flera olika komponenter.

Slutligen studerades effekten av det adsorberade skiktets ytråhet på QCM-D responsen i
vätska utifrån vatten innehållet. Resultaten visar att QCM-D tekniken effektivt känner av det
vatten som är mekaniskt fast inuti den topografiska strukturen av nanometers storlek.
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Preface
Interactions between surfactants and biopolymers are the subject of a wide research area
aiming to practical applications ranging from paper industry, where interaction between
cellulose and fatty acids are studied in order to improve deinking of recycled paper,1 to
biotechnology, where changes of DNA conformation by association with cationic surfactants
can control gene transfer.2

This thesis covers only a small part of that area. The main focus is on interactions between a
special class of surfactants, fluorosurfactants, and amphiphilic biopolymers, proteins. These
interactions are important for application of the fluorosurfactants as buffer additives in
microfluidic systems for transport and separation of proteins, where the presence of
fluorosurfactants reduces non-specific adsorption of proteins. Part of the thesis is also a study
concerned with interactions between a polysaccharide, chitosan, and sodium dodecylsulfate,
which is widely used in household and personal care applications.

The first chapter is dedicated to general background, while the second chapter gives basic
information about experimental methods. The main results are presented in chapter 3. Details
of experimental methods and extensive discussion of results can be found in the papers, which
are listed and shortly summarized on the next pages. Full versions are attached at the end of
this booklet.
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Summary of included papers
The interactions between surfactants and biopolymers are the topic of the first four papers.
Papers I, II and III are dedicated to the understanding of processes at the silica/aqueous
solution interface during capillary electrophoresis of net positively charged proteins when
fluorosurfactants are present in a running buffer. Paper IV presents a study of interactions
between a positively charged polysaccharide and a negatively charged hydrocarbon
surfactant.

Paper I. The objective of Paper I was to study aggregation of cationic fluorosurfactant FC134
in bulk solution and to find out whether this fluorosurfactant associates with the net positively
charged protein lysozyme in 10 mM phosphate buffer at pH 7.0. By NMR and CryoTEM, we
discovered a rich phase behaviour of fluorosurfactant FC134, which we assigned to the
polydispersity in the length of fluorocarbon tail of the surfactant. Monomers, micelles and
vesicles with polydisperse size coexisted in solutions with concentration above 100 µM
(above 5 cmc).  We had not observed any significant differences in surface tension isotherms
of surfactants measured in the absence and the presence of lysozyme, which indicated lack of
association. This was confirmed by 19F and 1H NMR spectra of lysozyme and FC134
mixtures. No changes in NMR chemical shifts, neither in the shapes of the peaks were
observed in spectra of mixed FC134 and proteins in comparison with the spectra for pure
components. We concluded the lack of any observable electrostatic or hydrophobic
interaction between cationic FC134 and net positively charged lysozyme. This was assigned
to the fact that the free energy gain by hydrophobic association between the lipophobic
fluorocarbon tail of surfactant and hydrophobic parts of lysozyme is not large enough.  In the
case of hydrocarbon surfactants, the free energy gain from hydrophobic interactions can
compensate partial unfolding of globular proteins, which is necessary in order to allow for
more extensive binding.

Paper II. The objective of Paper II was to understand the process of adsorption of cationic
fluorosurfactants onto the negatively charged surface of silica from 0.1 mM NaI at natural pH.
Adsorption of the cationic fluorosurfactants was followed by ellipsometry and by
measurements of the surface forces between glass surfaces immersed into fluorosurfactant
solutions. Three adsorption regimes were identified with respect to the surfactant
concentration. At low surfactant concentration up to 0.07 cmc (critical micellar
concentration), only a small adsorption was observed, corresponding roughly to ion exchange
and only marginal changes in the surface force profile in comparison to the bare silica case
were detected. At intermediate surfactant concentrations between 0.3 and 1 cmc, bilayer
aggregates started to form and electrostatic repulsion between them dominated the long-range
interactions. It was possible to squeeze some surfactants away and to reach monolayer-
monolayer contact by applying load of about 1.5 mN/m. An adhesion of about 30 mN/m was
observed during separation from monolayer-monolayer contact, which is an order of
magnitude lower than the adhesion between two strongly hydrophobic surfaces. At higher
surfactant concentrations, above cmc, it was not possible to compress the layer into
monolayer-monolayer contact by experimentally accessible load of 8.5 mN/m. Also,
additional steps were observed in the surface force curves during approach. It was possible to
measure a small adhesion during separation from bilayer-bilayer contact and combined with
the large area per molecules obtained by ellipsometry we concluded that even at high
surfactant concentrations above cmc we do not reach full bilayer coverage. The results were
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consistent with formation of bilayer patches and additional steps in surface force curve were
attributed to bulk aggregates, which were loosely associated with the adsorbed layer.  We did
not observe any formation of stable monolayer at low surfactant concentration, which can be
observed for some hydrocarbon surfactants. This was attributed to the very strong
hydrophobicity of the fluorocarbon tail, which makes formation of monolayer at the
silica/water interface unfavourable.

Paper III. The objective of Paper III was to study competitive adsorption of lysozyme and
cationic fluorosurfactant onto silica from 10 mM phosphate buffer at pH=7. The first part of
the paper concerns adsorption of fluorosurfactants and lysozyme on silica from one
component solutions. Adsorbed layers were characterised by reflectometry and QCM-D. At
concentrations above 30 µM, the layer of FC134 was partly formed through spreading of
vesicles preformed in bulk solution. Further, large vesicles could be trapped between the
adsorbed surfactant patches. Competitive adsorption of lysozyme and FC134 lead to reduction
of protein adsorption by more than 90% at fluorosurfactant concentrations above 30 µM and
to nearly complete elimination of lysozyme at the silica surface in the presence of 100 µM
FC134 in solution. At FC134 concentrations between 30µM and 100 µM, the adsorption of
fluorosurfactants was enhanced, when adsorbed from solutions containing lysozyme. We
suggested that residual irreversibly adsorbed proteins prevented large FC134 vesicles from
spreading to bilayer aggregates by hindering their contact with the silica surface.  This
hypothesis corroborates with QCM-D data, which indicated that the layers adsorbed from the
mixed solutions are viscoelastic, which is consistent with the presence of vesicles in the layer.

Paper IV. Paper IV is a multi-technique study of the cationic biopolymer chitosan and the
negatively charged surfactant SDS. The emphasis was on the ionic strength effect on the
interactions between surfactant and chitosan in bulk solution and at the silica/liquid interface.
The critical association concentration for the SDS/chitosan system was 0.02 mM in 0.1 mM
NaNO3 and 0.1 mM in 30 mM NaNO3. The association at cmc was 1.1-1.8 SDS/segment at
low ionic strength and 1.8-2.0 SDS/segment at high ionic strength. Turbidity measurements
showed that addition of SDS to chitosan solution caused formation of large aggregates. Phase
separation in form of precipitate was observed close to charge neutralisation. Charge reversal
of complexes occurred at high SDS concentrations, but high turbidity was measured even at
SDS concentration of several multiples of cmc. This was assigned to the formation of
intermolecular aggregates of stiff chitosan molecules cross-linked by SDS micelles. The
structure of the chitosan layer on lowly charged silica at pH 4.0 was found to be similar to the
structure of the chitosan layer on highly charged mica. Apparently, the surface charge of silica
was regulated in the presence of chitosan and the main driving force for chitosan adsorption
was found to be electrostatics despite of the initially low surface charge of silica. A flat and
rigid layer was formed in 0.1 mM NaNO3, while adsorption from 30 mM NaNO3 and higher
ionic strengths led to adsorption in form of more extended dissipative layers. The coverage of
the silica surface by chitosan was low, leaving about 80% of the substrate uncovered. The
chitosan layers contained up to 90% of solvent, which was trapped primarily between patches.
Adsorption of SDS to pre-adsorbed chitosan led to collapse of the layer, which was much
more pronounced in high ionic strengths. At low ionic strength, swelling of the layer was
observed only at SDS concentrations at which also desorption of complexes was observed. At
high ionic strength, increase of SDS concentration led to limited reswelling of the collapsed
layers. The fact that layer did not swell back to its initial structure was attributed to the
presence of kinetically trapped collapsed states at the interface.
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The experimental approach was challenging in terms of the interpretation of the QCM-D
results, and determination of the optical adsorbed amounts of composite layers consisting of
surfactants and biopolymers. The effect of adsorbed layer roughness on the QCM-D response
is discussed in Paper V. In Paper VI, the analytical approach for determination of the
adsorbed amount of composite layers is presented.

Paper V. The effect of adsorbed layer roughness on the QCM-D response was studied with
focus on trapped water. Layers with different surface roughness were prepared by adsorption
of surfactants with different structure of their hydrophobic parts. The water content in the
layer was determined from the difference between the QCM-D sensed mass and the
reflectometric adsorbed amount. We showed that QCM-D effectively senses the mechanically
water trapped in cavities of the adsorbed layer, which are in nano-meter scale.

Appendix. In the Appendix, different methods adopted for the evaluation of the optical data
obtained for composite layers are explained. For all these methods, the evaluation is based on
de Feijters formula and the emphasis of the Appendix is on the determination of the effective
refractive index increment of the heterogeneous layers. A new approach based on the
Bruggemann effective medium approximation is presented together with simpler methods.
These methods were applied to further evaluation of ellipsometric data obtained for the
SDS/chitosan system. The impact of the data evaluation on the interpretation of the observed
processes is discussed in the section 3.2.4. The method based on the Bruggeman effective
medium approximation was also used for the evaluation of the reflectometric data obtained
for heterogeneous fluorosurfactant/protein layers and these results are shown in the section
3.1.5.
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1. Background

1.1. Interactions between surfactants and proteins

1.1.1. Interactions between surfactants and polyelectrolytes in aqueous solutions

 In aqueous solutions, ionic surfactants readily associate with oppositely charged groups of
polyelectrolytes (charged polymers), due to a combination of electrostatic and hydrophobic
interactions.3, 4 Extensive binding is usually observed only after the surfactant concentration in
solution exceeds a critical value, denoted as critical association concentration, cac. At this
concentration, surfactants start to bind to polyelectrolytes cooperatively due to hydrophobic
interactions between their tails and form micelle-like objects, which causes a steep increase in
binding isotherm (Figure 1.1.1.a). Similarly to ordinary micelle formation, surfactants with
longer hydrophobic tails start to aggregate at lower concentrations than surfactants with
shorter tails. The polyelectrolyte acts as an efficient counterion and therefore, cac is usually
much lower than the critical micellar concentration (cmc) in the absence of polyelectrolyte. In
the presence of polyelectrolyte, aggregation is favoured by an energy gain from electrostatic
interactions between charged head groups and the charges along the polyelectrolyte chains as
well as by entropy gain from release of the single salt counterions upon association.5, 6 The
cac/cmc ratio increases with increasing ionic strength,7, 8 because the entropy gain from
counterion release decreases. The ability of a polyelectrolyte to act as a counterion is affected
by its structure and the cac/cmc ratio decreases with increasing linear charge density 9, 10 and
to lesser extent with the flexibility of the polyelectrolyte.10, 11 The presence of hydrophobic
groups in the polymer structure leads to a decrease in the cac/cmc ratio, because these groups
can be incorporated into aggregates. In that case the cac is strongly dependent on the
concentration of polymer in the bulk solution.12, 13 For surfactants interacting with hydrophilic
polyelectrolytes, cac can be determined as a first breaking point in the surface tension
isotherm (Figure 1.1.2).

Figure 1.1.1. Illustration of binding isotherm of surfactants to polyelectrolyte a)14 and to globular protein b).
Dotted line corresponds to non-cooperative binding (Langmuir isotherm). Degree of binding is a measure of the
saturation of available binding sites at polymer. In the case of globular protein occupation of the binding sites at
the protein surface can lead to unfolding of protein and exposure of additional binding sites, which were
originally hidden inside the protein core.
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High affinity binding of surfactants to polyelectrolytes proceeds until charge neutralised
complexes are formed. It should be noted that at high surfactant concentrations, often an
excess of surfactants is bound to the polyelectrolyte-surfactant complex. This is, for example,
observed for the chitosan-SDS system investigated in Paper IV.  The saturation binding of
surfactant to polyelectrolyte can be determined from surface tension isotherms. The amount
of bound surfactants corresponds to a difference between concentrations at which free
unbound micelles are formed in the presence and in the absence of a polyelectrolyte.

Figure 1.1.2. Idealised surface tension isotherm in absence of polymer (full line) and in presence of hydrophilic
polyelectrolyte associating with surfactant (dotted line).

Binding of surfactants to a polyelectrolyte is accompanied with major conformational
changes, which occur through intramolecular and intermolecular association of polymer-
surfactant complexes. On the simplest level, intramolecular association causes collapse of
polyelectrolyte-surfactant complexes into a more dense state, which is different from the
random coil or stretched structures typical for polyelectrolytes in aqueous solutions. On the
next hierarchical level, the collapsed complex may show an ordered internal structure, which
can be lamellar, hexagonal or cubic, depending on the system. The collapsed (and ordered)
state can persist to high surfactant concentrations, which can be even higher than cmc.15

Intermolecular association of polymer-surfactant complexes leads to aggregation of
complexes. Around the charge neutralisation point of the complexes, the aggregates have
limited solubility and if the concentration of the polymers in solution is sufficiently high, then
a precipitate forms. Upon further increase of surfactant concentration, up to values close to
cmc, the aggregates may start to resolubilize because of surfactant induced charge reversal. It
can typically be observed at surfactant concentrations equal to several multiples of cmc.16, 17

1.1.2.  Specific features of interactions between surfactants and proteins

The interactions between proteins and surfactants have many similarities to interactions
between surfactants and polyelectrolytes. However, there are also important differences that
arise from the fact that proteins are folded into specific secondary and tertiary structures,
which are different from the random coil or stretched conformations that are common for
soluble polyelectrolytes. In this thesis I have focused on globular proteins. Their interior is
densely packed and hydrophobic, while charged groups are exposed at the surface. When
present at low concentrations, surfactants bind to proteins in small amounts, because they
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interact only with groups at the protein surface. This high affinity binding can be clearly
distinguished from the cooperative binding occurring at higher surfactant concentrations,
when additional association of surfactant causes unfolding (denaturation) of proteins. As this
occurs, more sites for surfactant binding are suddenly exposed and a steep increase in the
adsorption isotherm can be observed. Scattering studies indicate that the unfolded complex is
a typical beads and necklace structure,3 where the protein backbone constitutes the connecting
string and micelle-like aggregates are the decorating beads. The large steps are absent in the
isotherms for binding of surfactants to flexible polyelectrolytes, even though also in this case
the adsorption is highly cooperative. The reason is that when surfactants interact with
polyelectrolytes, the regions of high affinity binding and cooperative binding overlap, because
all binding sites of the polymer are available from the beginning, and polymer chain is
flexible enough to promote formation of intramolecular aggregates. A typical adsorption
isotherm of ionic surfactants to globular proteins is sketched in Figure 1.1.1.b.

Interestingly, the affinity of anionic surfactants for net positively charged proteins is higher
than the affinity of cationic surfactants for net negatively charged proteins.3 The suggested
reason is that side chains of cationic amino acids carry more CH2 groups than anionic amino
acids. Incorporation of these CH2 groups into micelle-like structures contributes to the free
energy of aggregation. Therefore, cooperative binding of anionic surfactant to net positively
charged proteins can occur at much lower concentration than cmc, while in the case of
cationic surfactants, cooperative biding to net negatively charged proteins occurs only near
cmc. For cationic surfactants, cooperative binding can even be absent if cmc, and thus the
monomer concentration in the solution, is low.3

The interactions between ionic surfactants and proteins with the same sign of charge as the
surfactants are similar to the interactions between surfactants and oppositely charged proteins.
Proteins contain different ionisable groups with isoelectric points that are spread over a wide
range of pH-values.  Therefore, except of pH extremes, there are still some amino acids that
carry a charge that is opposite to the net charge of the entire protein. In comparison to the
binding of surfactant to oppositely net charged proteins, the binding isotherm for surfactants
on proteins with the same sign of charge shifts towards higher surfactant concentration. When
cationic surfactants interact with net positively charged proteins, the cooperative association
can be missing at low pH. This was observed for example for interactions between lysozyme
and CTAB at pH 4, while formation of adsorbed aggregates was observed only at pH 7 and
higher.18 The formation of associated aggregates is counteracted by the compact structure of
proteins and by the competing process of bulk micellisation, which is favoured in the absence
of sufficient electrostatic contribution. In the absence of cooperativity, the adsorption
corresponds only to saturation of the sites that are charged oppositely to the surfactants. In
that case hydrophobic interactions of surfactants with proteins are important in order to allow
surfactants to successfully compete with inorganic ions.3

1.2. Proteins at interfaces

Proteins fulfil their biological function most often at biointerfaces, such as membranes of the
cell organelles or surfaces of materials that are foreign to a living body, for examples
bacterias or implants.19 Therefore, proteins have a high tendency to adsorb at nearly any kind
of substrate. Non-specific adsorption of proteins to materials is usually an initial step for
subsequent adhesion of other molecules or cells. Bioadhesion is a major problem for
biocompatibility of implants, where it can lead to implant rejection due to inflammatory
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reaction,20 it is a major issue in evaluation of hemocompatibility21 and it is one of the reasons
for the failure of in vivo biosensors.22 In non-biomedical areas bioadhesion causes severe
problems connected to biofouling, for example in water purification systems, marine
structures or in food processing links.23 Prevention of non-specific protein adsorption is one of
the main objectives in the design of surfaces intended to resist bioadhesion.23

1.2.1. Non-specific adsorption of proteins

The term “non-specific” adsorption is used in order to distinguish it from specific adsorption.
Specific adsorption is strongly substrate selective and it is based on high affinity attraction
between an active part of the protein and a specific substrate. In biotechnology, specific
adsorption of proteins is desirable. A typical example is adsorption of proteins at the surface
of immunosensors, where immunoglobulins (antibody proteins) associate with antigens.

Non-specific adsorption of proteins is not selective and its main driving forces are in principle
the same as those that drive adsorption of polymers to solid substrates. These are:19, 24-27

i) attractive hydrophobic interactions driven by entropy gain from release of water
molecules surrounding non-polar patches of the protein molecule and the substrate

ii) Coulombic interactions, which can be either attractive or repulsive in dependence
of the charge carried by protein and substrate

iii) van der Waals (dispersion) interactions, which in are most often attractive in water
due to its high dielectric constant and low refractive index

iv) changes of the protein structure upon adsorption, which are associated with a gain
of conformational entropy of the protein macromolecule upon partial or total
unfolding. This is a contribution that is unique to compact globular proteins. In
contrast, flexible polymers loose conformational freedom upon adsorption.

v) hydrogen bonding between proteins and the substrate

The non-specific adsorption of proteins onto solid substrates is often irreversible with respect
to dilution. Even in the case of small globular proteins, multiple contact points between the
substrate and the protein are formed, which leads to a high stability of the complex even
though the interaction per segment can be weak.19, 24 Irreversibility of adsorption gives rise to
a hysteresis between adsorption and desorption isotherms. Beside multiple contacts, another
factor that contributes to the irreversibility are structural changes of proteins upon adsorption,
which can occur despite a high structural stability of globular proteins.28 Hydrophobic protein
folding, which oppose conformational freedom of the protein chain, is favourable while
proteins are in aqueous solutions. The parts of the protein that are in the vicinity of the surface
can relax and gain conformational entropy by (partial) unfolding. These structural changes in
the adsorbing proteins can persist even after their desorption.24 In general, it is not possible to
desorb proteins by simple dilution and therefore special agents, which can compete with
proteins or solubilise them, are required in order to remove proteins from the interfaces.28
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1.2.2. Prevention of non-specific adsorption of proteins

In order to prevent non-specific adsorption of proteins one has to design substrates on which
the driving forces mentioned in the previous section would be eliminated. Systematic studies
with this aim have been made on Self-Assembled-Monolayers (SAMs) formed by alkylthiols
on gold.29-33 These monolayers offer the possibility to specifically tailor the atomic
composition of their surface by the variation of the end group of the thiolate molecules. By
monitoring the non-specific adsorption of model proteins lysozyme and fibrinogen onto
SAMs, the properties common to inert surfaces were formulated.30

Inert surfaces should

i) be hydrophilic

ii) include hydrogen-bond acceptors

iii) not include hydrogen bond-donors

iv) be  overall  electrically neutral

The molecular mechanism(s) counteracting protein adsorption is still not known in details, but
results are consistent with the hypothesis that interactions of surface functional groups with
water are very important for the inertness. This idea is not new, but recent progress in
measurement techniques has opened new possibilities for increasing our understanding in this
area. It is worthwhile to mention that very good resistance to non-specific adsorption has been
achieved for substrates based on polyethylene oxide, PEO, and efforts are dedicated to studies
of the ability of PEO to structure the surrounding water.34, 35

1.2.3. Interactions between surfactants and proteins at solid/liquid interfaces

Many studies concerning protein-surfactant interactions at the solid/liquid interfaces
addressed removal of preadsorbed proteins by surfactants. Understanding of this process is
important in order to optimize cleaning formulations for industrial and household use.

There are two basic mechanisms for removal of proteins from a solid surface by surfactants:36

i) solubilisation

ii) replacement

Ionic surfactants, which carry the same charge as a hydrophilic substrate can only remove
proteins by solubilisation. At sufficient concentrations, the surfactants associate with the
adsorbed proteins. The protein-surfactant complexes are then repelled from the substrate
because they have the same sign of their charge. Surfactants, which carry the opposite charge
to the substrate or non-ionic surfactants, primarily remove proteins from the substrate by
competitive adsorption, i.e. the affinity of the surfactants towards the surface has to be
stronger than the protein-surface affinity to allow protein removal.  In the case of hydrophobic
substrates, this replacement mechanism is always present because all surfactants tend to
adsorb due to hydrophobic interactions between their tails and the substrate.36
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The presence of surfactants in solution can affect adsorption of proteins in different ways. In
fact, the presence of surfactants can lead to reduction or even complete hindrance of protein
adsorption, if the affinity of the surfactants to the substrate is higher than the affinity of
proteins to the substrate, or if the protein/surfactant complex formed in bulk have lower
affinity for the surface than the protein alone.  On the other hand, the presence of surfactants
in solution can also lead to an increase in the adsorbed amount if the protein-surfactant
complex has higher affinity for the surface than the protein alone.

Surfactants that do not alter the protein structure and that preferably do not interact with
proteins in bulk solution at all, are of special interest for prevention of proteins adsorption. In
that case, prevention of protein adsorption can occur only by successful competition of
surfactants for adsorption sites at the substrate. According to the theory of competitive
adsorption, any molecule which adsorbs at a given interface can displace another molecule
adsorbed at this interface, if added in sufficiently high concentrations.37 Surfactant
concentrations above the critical micellar concentrations are sometimes necessary in order to
completely displace proteins from the adsorbed layer.38

1.2.4. Protein adsorption during capillary electrophoresis

In capillary electrophoresis,39 a high voltage (with a gradient of typically 100-500 V/cm) is
applied at the ends of a capillary filled with aqueous solution.  At pH above 4, silica is
negatively charged and an electrical double layer is formed at its vicinity, where salt ions are
inhomogeneously distributed in order to compensate the charge of the surface. Counterions,
which are enriched in the double layer, are attracted towards the opposite electric pole at one
end of the capillary, dragging the solution with them. This net flow of solution is called
electroosmotic flow and it has a flat profile.39 In the flow, proteins get separated according to
their charge/size ratio until they reach the detector (Figure 1.2.1.). One of the major problems
experienced in the separation of positively charged proteins is their tendency to adsorb onto
the capillary walls, which leads to inefficient separation with typical tailing of the peaks in the
electropherogram and peak overlap.40

Figure 1.2.1: Schematic representation of capillary electrophoresis.
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Fused silica capillaries are commonly used despite the advance of polymeric materials. The
surface charge on silica is dependent on pH. Therefore, the obvious strategy for elimination of
electrostatic attraction between proteins and the capillary walls is to work at extremely low
pH, where the silica is positively charged (below pH 3)41 or at extremely high pH above the
isoelectric points of the proteins of interest, where the proteins would be repelled from the
silica surface. However, pH extremes often lead to protein denaturation. At physiological pH,
one can screen attractive electrostatic interactions by increasing the ionic strength of the
background buffer. This approach has also disadvantages, because it leads to high currents
and heating of the solutions and again to denaturation of proteins.

As an alternative, the inner surface of the capillary can be coated with an inert material.
Different permanent or semi-permanent coatings have been introduced. They can be
covalently bound to silica or strongly physisorbed.39 No material is 100% protein resistant and
therefore it is necessary to exchange the modified capillaries quite often due to fouling, which
is costly. This is one of the reasons why dynamic coatings are getting more popular. For
formation of dynamic coatings, modifiers are added into the running buffer along with the
proteins. These can be hydrophilic polymers, quaternary amines or surfactants.39, 42, 43 The
most popular are neutral or zwitterionic surfactants, because anionic and cationic surfactants
interact with proteins and can alter their structure.44 The surfactants adsorb onto the silica
surface, which leads to a modification of the surface charge. The adsorption of surfactants is
reversible and the capillary can be easily cleaned before the next separation process. Dynamic
coatings are also very flexible. By a combination of surfactant with different polarity, the
dynamic coating offers a possibility to optimize separation for each combination of proteins.
Disadvantages of the dynamic coating are possible interactions with proteins in solution, an
increase of the ionic strength of background electrolyte when one uses charged additives, and
difficulties with the post column analysis due to the presence of modifiers in the analyte.
Hence, it is important that the concentration of additives is kept as low as possible.

Surfactants are typically added into the running buffer at concentrations exceeding their
critical micellar concentration. This leads to a change of the speed or even direction of the
electroosmotic flow and consequently to elimination of protein adsorption. A positive
correlation was found between the hydrophobicity of surfactants and the effectivity of the
quenching of the protein adsorption.44 It is believed that surfactants adsorb in the form of
bilayer, where the first layer adsorbs due to attraction between surfactant head groups and the
silica and the second layer is adsorbed via hydrophobic interactions between the surfactant
tails, exposing head groups towards the solution. The more hydrophobic the surfactants are,
the lower concentration is needed to form a stable surfactant layer.

Prevention of adsorption of positively charged proteins by surfactant buffer additives includes
several aspects:

i) elimination of protein adsorption onto silica by successful competition for
adsorption sites by surfactants

ii) creation of an adsorbed surfactant layer that resists protein adsorption

iii) adsorption of surfactants to hydrophobic or oppositely charged sites at the protein
surface, increasing the Coulombic repulsion from the surfactant-coated wall.42, 44
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Fluorosurfactants were introduced as buffer additives by Emmer at al.45 First they used
cationic fluorosurfactants, later combinations of cationic surfactants with neutral and
zwitterionic surfactants were employed.46-48

Capillary electrophoresis preformed in the presence of fluorosurfactants was very successful.
Two main reasons for this statement are:

i) the effective quenching of protein adsorption, as indicated by effective separation
of peaks and reproducibility of migration times, was obtained in presence of  very
small amount of added fluorosurfactant (as low as 50 µM)45

ii) the enzymatic activity of the separated proteins was highly preserved even in
presence of ionic fluorosurfactants,46 while similar hydrocarbon surfactants
associate with the separated proteins and deactivate them or even cause their
denaturation 49

1.3. Fluorosurfactants

1.3.1. Fluorosurfactants in biomedicine and biotechnology

Fluorosurfactants are surfactants that contain one or more fluorinated hydrophobic groups.
They are not based on any natural products and can only be obtained via multistep synthesis
sometimes through highly toxic intermediates.50 From the chemical point of view they are
strangers to living organism and therefore they are not biodegradable,50 which is an issue of
environmental concern. Despite of their drawbacks, fluorosurfactants attract a lot of attention
because of their essential role in many systems that are destined for conceptually new
applications in biomedicine and biotechnology. Some of the most fascinating products
containing fluorosurfactants are artificial blood substitutes based on perfluorocarbons.
Perfluorocarbons have very high oxygen dissolving capacity (50 volume %)51 and provided
high loading pressures, they can perform good even in comparison with hemoglobin based
products, which are effective due to high affinity cooperative binding of oxygen. In blood
substitutes, fluorosurfactants are used for the stabilisation of fluorocarbon in water
emulsions.51, 52 Another area of possible applications of fluorosurfactants is in novel drug
delivery systems. In experimental formulations for simultaneous delivery of both oil and
water soluble drugs, fluorosurfactants are involved as stabilisers of triple water/ hydrocarbon/
fluorocarbon emulsions.51, 53 Of interest is also the ability of fluorosurfactants to decrease the
permeability of vesicles, into which they are incorporated. The speed of the release of an
encapsulated material can be tuned by the fluorosurfactant content in the vesicular bilayer.51

In magnetic resonance imaging, fluorosurfactants stabilise fluorocarbon emulsions used as
contrast agents.51 Chemical inertness of fluorosurfactants is important for biotechnology,
where they are used for control of non-specific adsorption in microfluidic systems, 54 for
example as buffer additives for wall charge and adsorption control in capillary
electrophoresis.47, 55

Bioapplications that can benefit from the use of fluorosurfactants are numerous. However,
development in this area is rather slow, due to many unanswered questions concerning
toxicity of fluorosurfactants and their interactions with biomolecules.
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1.3.2. Structure and properties of fluorosurfactants and main differences in
comparison to hydrocarbon surfactants

Fluorine atoms partly or totally replace hydrogens in hydrophobic tails of fluorosurfactants.
This change has tremendous effect on surfactant properties, which arises from differences
between fluorine and hydrogen atoms. The most important characteristics of fluorine in
comparison with hydrogen are:50

i) higher electronegativity

ii) larger atomic volume

iii) lower polarisability

Fluorine is the most electronegative element. Its presence in molecular structures causes
strong negative induction effect and therefore perfluorinated acids are much stronger then the
corresponding acids with a hydrocarbon chain, with the dissociation constant of
perfluoroacids being up to 1000 times higher. The C-F bond is one of the most stable covalent
bonds known. The strength of the C-F bond and the effective shielding of the carbon atoms by
fluorine atoms in the fluorocarbon chain are the reasons behind the exceptional chemical,
biological and thermal stability of fluorosurfactants. Therefore, fluorosurfactants are suitable
for applications at high temperatures and extremes of pH, where hydrocarbon surfactants
would decompose. 50

Figure 1.3.1. Example of surfactant aggregates with different curvature: spherical micelles with critical packing
parameter equal to 1/3 a), infinite cylinders with critical SPP equal to 1/2 b), and lamellar aggregates with
critical SPP equal to 1.

Fluorine has larger atomic volume than hydrogen. The cross-sectional area of (CH2)n chains
is 21.4 Å2 while (CF2)n chains have a cross-sectional area of 31.5 Å2.56 Perfluorinated chains
are stiff, especially those that are linear. No free rotation around C-C bonds was observed in
liquid perfluoroalkanes.56 Large volume and stiffness of the perfluorinated chains cause
fluorosurfactants to have a tendency to form less curved aggregates than hydrocarbon
surfactants.57 This is in line with the concept according to which surfactant aggregates can be
characterised by surfactant packing parameter (SPP). 58, 59
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This parameter is defined as

† 

SPP =
v

l ¥ Ao

,                                                                                              (1.3.1)

where v is the volume of the non-polar tail, l is the length of the non-polar chain of the
surfactants in all-trans conformation and Ao is the area per head group in certain (micellar)
arrangement. Generally, the higher the SPP, the less curved are the aggregates,58, 59 as long as
SPP<1 and thus higher volume of FC chain leads to less curved aggregates when compared to
analogous HC surfactants. For example, lamellar phases formed by fluorosurfactants appears
at higher water content than lamellar phases of hydrocarbon surfactant60 and vesicles, which
are usually observed only for hydrocarbon surfactants with bulky often double chained tails,
can be formed by relatively short (C8) single chain fluorosurfactants.56

The stiffness and relatively low conformational entropy of the chains in the liquid state are
also the reasons behind the high melting temperatures of fluorosurfactants. Solubility in
organic solvents and water is low and the Krafft temperature is usually higher than the Krafft
temperature of the corresponding hydrocarbon surfactants. The density of fluorosurfactants is
high, in the case of perfluorinated compounds it is about 1.7-1.9 g/cm3.50

The refractive index of fluorosurfactants is very low due to the low polarisability of the
fluorine atoms. For perfluorinated compounds it can be as low as 1.29 (nd

20), which is lower
than the refractive index water (nd

20), 1.33. Consequently, the refractive index increment for
fluorosurfactants in water solutions can be negative. Another consequence of the low
polarisability of fluorine is that the attractive van der Waals forces between fluorocarbon
molecules in fluorocarbon liquids are weak. The low cohesion between fluorocarbon
molecules is exhibited as low boiling points and low surface tensions of fluorocarbon
liquids.50

Fluorosurfactants are both more efficient and more effective surface active agents than their
hydrocarbon analogues, i.e. only a small amount of fluorosurfactants are needed to
significantly reduce the surface tension. The minimum value of the surface tension for
aqueous solutions of fluorosurfactant (at cmc) is about 15-25 mN/m. This is significantly
lower than the minimum value of the surface tension for hydrocarbon surfactant solutions,
which is typically 30-40 mN/m.50

Fluorosurfactants are more hydrophobic than hydrocarbons surfactants. The hydrophobicity is
an entropic phenomenon, caused by structuring of hydrogen–bonded water around the non-
polar tail of the surfactants. The hydrophobicity can be compared in terms of the free energy
of micellisation, which corresponds to the free energy gain upon transfer of surfactants
molecules from an ideal 1 M solution into a micellar aggregate.

† 

DGmicellisation ª RT ln(cmc)                                                                            (1.3.2)

By plotting ln(cmc) versus chain length for homologous series of fluorosurfactants and
hydrocarbon surfactants it was found that the contribution of one –CF2- group to the free
energy of micellisation corresponds to 1.5-1.7 –CH2- groups.61 In terms of the effect on the
cmc, addition of two –CF2- group results in a 40-fold decrease in cmc, while addition of two
–CH2- group results in a 10 fold decrease in cmc. There is a good correlation between these
values and the difference in volume and surface area of the cavities created in water by
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fluorocarbon and hydrocarbons chains. It implies that the higher hydrophobicity of
fluorosurfactants arises mainly from their larger size.61

The fluorosurfactants are not only hydrophobic, but also lipophobic, which is due to
differences in cohesion energy of fluorocarbon and hydrocarbon liquids. Fluorocarbons and
hydrocarbons tend to demix, and therefore semifluorinated alkanes act as surfactants in
hydrocarbon liquids. On the other hand, in aqueous solutions, it is possible to observe
formation of mixed micelles of hydrocarbon and fluorocarbon surfactants.  The occurrence or
absence of phase separation is dependent on the character of the polar groups of the involved
surfactant molecules. Properties of semi-fluorinated surfactants acting in aqueous solutions
are affected by the mutual repulsion between their hydrocarbon and fluorocarbon parts. 50

1.3.3.Cationic fluorosurfactant FC134

Figure 1.3.2. Structure of FC134.

The cationic fluorosurfactant with the commercial name FC134 (Figure 1.3.2) that we used in
our study was received from 3M (St.Paul, MN).  This surfactant is no longer available from
3M, but a surfactant with nearly identical structure can be obtained from the Japanese
company Waco under the trade name EF-132.

FC134 is a semifluorinated surfactant with the chemical formula
CF3(CF2)nSO2NH(CH2)mN+(CH3)3. It is polydisperse both in the length of the fluorocarbon and
the hydrocarbon parts. The surfactant components have been separated by capillary
electrophoresis and characterised by mass spectroscopy.62, 63 The main component is the one
with n=7 and m=3. The second most abundant fraction was assigned to molecules containing
an extra CH2 group (n=7, m=4).62 The following most intensive peaks were assigned to the
analogues with a fluorocarbon tail that is shorter by two CF2 groups (n=5).

1.4. Small globular proteins

1.4.1. General characteristics of globular proteins

Proteins are amphiphilic heteropolymers, where the monomers are 20 different aminoacids
that are irregularly connected to form the polypeptide chain, the primary structure of a
protein. Interactions between different parts of the polypeptide backbone, amino acids, small
ions and the protein environment result in folding of the polypeptide chain into specific
secondary (e.g. a-helical or b-sheet regions) structures and the global tertiary structure.

In aqueous environment, ionic side chains of globular proteins are in contact with solvent
while hydrophobic side chains are preferentially hidden in the dense interior of the molecules.
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The hydrophilic polar side chains and polypeptide backbones, which are located inside the
hydrophobic part of the molecule, are to a large degree involved in a network of hydrogen
bonds. The entropy gain from dehydration of the hydrophobic side chains is the main
contribution to the stability of the folded state.19 However, the folded structure imposes
restrictions on the conformation of the polypeptide chain. This results in a loss of
conformational entropy and typically the folded structure is only marginally stable in
comparison to the randomly coiled state.64 For the majority of proteins, some hydrophobic
groups remain at least partly exposed at the molecular surface in form of hydrophobic
patches.19 The heterogeneous surface of proteins also allow them to interact in different ways
with many substrates and molecules. These interactions have often very complex character
and it is difficult to distinguish separate contributions.

In our study we used small globular proteins, which are present in living organisms mostly as
enzymes or immunoglobulins.  They have roughly spherical shape with densely packed,
compact tertiary structure. Many of the polar amino acid groups exposed at the surface are
titrateable. Hence, the net charge of the proteins is highly pH dependent and so is the
character of Coulombic interactions with surfaces and surfactant molecules. Small globular
proteins are relatively stable against denaturation and their tertiary structure is generally
preserved upon adsorption, even though some local changes can occur at the part in contact
with the substrate.28

1.4.2. Lysozyme

The model protein used in this work was chicken egg-white lysozyme, which is one of the
best known proteins. It was discovered by Fleming in 1922.65 In the human body, lysozyme is
abundant in tears and saliva. Lysozyme catalyses hydrolysis of heterogeneous
polysaccharides, which consists of N-acetyl-muramic acid and N-acetyl-glucosamine.66 This
type of polysaccharide is present in the cell walls of Gram-positive bacterias and its
hydrolysis leads to destruction of the bacterias.

The 3D structure of lysozyme resembles an oblate ellipsoid with dimensions of 4.5 nm ¥ 3.0
nm ¥ 3.0 nm.66 The molecular weight of lysozyme is about 14 700 g/mol. The effective
hydrodynamic radius is about 19 Å, including hydration water.67 The net charge at pH 7 is
about +8.68

At high concentrations (>10 mg/ml at pH=5) and at pH between 5 and 7, lysozyme partly
aggregate in form of dimers.66, 69 At alkaline pH above 9, also higher order aggregates can be
formed.70
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Figure 1.4.1. Lysozyme. Picture from EXPASY protein database a) and a schematic drawing of according to
Gölander et al. 71

The structure of lysozyme is shown in Figure 1.4.1.a) and a simplified schematic drawing is
presented in Figure 1.4.1.b).  The active cleft is believed to be at the opposite side of a
hydrophobic patch on the protein surface.72 This suggestion was supported by Gölander et
al.,71 who studied enzymatic activity of lysozyme layers adsorbed at hydrophobic and
hydrophilic substrates. The differences in the enzymatic activities normalised to the adsorbed
mass were attributed to differences in accessibility of the active cleft.

1.5. Chitosan

Chitosan is a polysaccharide obtained by N-deacetylation of chitin in concentrated NaOH. Its
chemical structure is shown in Figure 1.5.1. The degree of deacetylation of chitosan used in
this work was 84.5%. Chitosan is a positively charged polyelectrolyte in acidic aqueous
solutions, because the pKa of chitosans amino groups is about 6.0. 73 Similarly to other
polysaccharides, chitosan is relatively stiff and its intrinsic persistence length is about 4.5
nm.74 Higher effective persistence length of about 6 nm was found  in 0.1 mM NaNO3 and 30
mM NaNO3,75 where electrostatic repulsion between charged segments cause an additional
decrease in flexibility of the chitosan chain.

Figure 1.5.1. Chitosan, a copolymer of N-acetyl-b-D-glucosamine and N-b-D-glucosamine.

Chitin is the next most abundant natural polysaccharide after cellulose. It can be found in
shells of shrimps, crabs and crayfish, which are waste products in food industry.76 Chitosan is
becoming popular in an increasing number of industrial applications due to its availability,
low cost and biodegradability. Biocompatibility, anti-fungicidal and antibacterial properties
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are reasons behind chitosans popularity in food industry and in drug formulations.77, 78

Chitosan was also suggested as a protective coating of surfaces that are often treated by
anionic surfactants, for example for protection of mucin layer in the oral cavity against
desorption by sodium dodecyl sulfate, which is one of the most common surfactants used in
personal care products.79
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2. Methods

2.1. Measurement of adsorbed amount by ellipsometry and reflectometry

Ellipsometry and reflectometry are optical techniques, which measure changes in polarisation
of light reflected from a sample surface. When equipped with a liquid cell they are suitable for
adsorption studies at solid/liquid interfaces.

The ellipsometry and reflectometry are accessing changes in light polarisation in different
ways. With ellipsometry we can detect both changes in intensity and phase of reflected light,
while with reflectometry we can measure only changes in intensity of reflected light. When
adsorption takes place from liquid, optical techniques do not sense coupled solvent, which can
be a part of the structure of the adsorbed layer (for example hydration water). The reason for
this is that only materials that have different refractive index than the ambient medium
contribute to the optical response observed due to adsorption.

Both ellipsometry and reflectometry require a proper optical model in order to relate
measured quantities to thickness, refractive index, density and adsorbed amount of adsorbed
films. The theory of optical reflection is explained in details in many optical textbooks, for
example in the book written by Azzam and Bashara.80 A theoretical comparison between
ellipsometry and reflectometry can be found in the paper of van Duijvenbode and Koper.81

2.1.1. Polarisation of light

Light is a transverse electromagnetic wave. Arbitrary monochromatic light with frequency f
can be represented as the superposition of two components of the electric field vector (E),
which are perpendicular to each other, where one is parallel (p) and another is perpendicular
(s) to the plane of incidence.

† 

Es = Es ¥ exp i(2pft + ds)[ ]           (2.1.1)

† 

E p = E p ¥ exp i(2pft + dp )[ ]          (2.1.2)

The polarisation state of the light is characterized by an amplitude ratio Ep/Es of these
components and their phase difference dp-ds. If the components oscillate in phase the light is
linearly polarised, otherwise it is polarised elliptically.

The change of the polarisation of the light upon reflection is defined as a ratio of the
polarisations of the reflected and the incident light:

† 

refl.light
inc.light

=
E p

r Es
r

E p
i Es

i ¥ exp i(dp
r -ds

r) - i(dp
i -ds

i)[ ]          (2.1.3)

where superscripts r and i stands for reflected and incident light.
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It is convenient to define the quantities y and D as:

† 

tany =
E p

r Es
r

E p
i Es

i         (2.1.4)

† 

D = (dp
r -ds

r) - (dp
i -ds

i)          (2.1.5)

where tany corresponds to the change in amplitude ratio and D corresponds to the change in
phase difference between the p and s components of the light upon reflection.

Upon reflection from the surface the p and s components of light change amplitude and phase
in different ways, which are given by the corresponding reflection coefficients. These
coefficients can be calculated from Fresnel’s equations, which describe the behaviour of
electromagnetic waves at interfaces.

† 

Es
r

Es
i exp i(ds

r -ds
i)[ ] = Rs          (2.1.6)

† 

E p
r

E p
i exp i(dp

r -dp
i )[ ] = Rp          (2.1.7)

Thus, the change of polarisation upon reflection can be rewritten as

† 

Rp

Rs

= tany ¥ exp(iD)           (2.1.8)

For a simple interface between two media, the reflectivity coefficients can be calculated
directly from Fresnel’s equations. When a thin film is present, the situation is complicated by
multiple reflections at each of the interfaces. The reflectivity coefficients are dependent on the
wavelength of the light l, the angle of incidence q0 and the optical properties of the interface.

2.1.2. Null ellipsometry

In this thesis work the Optrel ellipsometer in null PCSA arrangement (Polariser,
Compensator, Sample, Analyser) was used, which is schematically shown in Figure 2.1.1.
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Figure 2.1.1. “Null” ellipsometer. L-laser, l/4-quarter wave plate, P-polariser, C-compensator, S-sample
immersed in a cuvette with magnetic stirrer, A-analyser, D-detector

By combination of positions of polariser and compensator (which is usually set constant
either to –45° or to 45°) we can create light, which has such ellipticity that the phase shift
between its components disappears after reflection from a sample. The resulting linearly
polarised light can be extinguished by another polariser, called analyser.  In null ellipsometry
we determine the combination of the positions of the polariser and the analyser that gives the
minimum intensity at the detector. Therefore the name “null ellipsometry”. Under null
conditions, we can relate the positions of the polariser (P) and the analyser (A) expressed in
degrees to the ellipsometric angles defined in equations 2.1.4 and 2.1.5. Then:

† 

yexp = A          (2.1.9)

† 

D exp = 2P + 90°         (2.1.10)

With the experimental values of y   and D we can determine the thickness and the refractive
index of the adsorbed film by an iterative procedure. The details of this iterative procedure
can differ, but the main principle is as follows: the adsorbed film is modelled as a flat,
homogeneous layer and we vary the thickness and refractive index of this model layer until
we achieve good agreement between experimental values and theoretical values of y and D
calculated from the reflectivity coefficients for the model. In most of the cases, the adsorbed
film is not uniform and its refractive index varies within the layer. For non-uniform films, the
ellipsometric iterative procedure provides us only with average values of thickness 

† 

h  and
refractive index 

† 

N , corresponding to a uniform layer, which would give the same optical
response in terms of optical thickness (OT) as the real layer.

† 

OT = (N(z) - Nb )dz =
0

•

Ú (N - Nb ) ¥ h        (2.1.11)

where Nb is the refractive index of the ambient medium.
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In order to obtain the adsorbed amount, we need additional information and assumptions. The
adsorbed amount can be determined as

† 

G = c(z)dz
0

•

Ú = c ¥ h         (2.1.12)

where c is the density of the adsorbed layer. It is not straight forward to relate the average
density of the film, 

† 

c , to its average refractive index obtained by ellipsometry. According to
derivations done by de Feijter, for systems where the refractive index changes linearly with
density (i.e. the refractive index increment dN/dc, which is independent on concentration) we
can calculate the average density as:

† 

c = (N - Nb )
dN /dc

        (2.1.13)

and the adsorbed amount as:

† 

G =
(N - Nb )
dN /dc

¥ h        (2.1.14)

provided that we know or we can measure the value of dN/dc. Specific details of the used
experimental procedure, where one employs multiple media in order to determine optical
properties of the substrate and adsorbed film, are described in references.82, 83

2.1.3. Reflectometry

We used an equipment assembled according to the design of Dijt et al.84 The schematic of the
arrangement is shown in Figure 2.1.2:

L

S

BS

D1 D2

Inlet

Prism

Cell

Figure 2.1.2. L-laser, S-sample, BS-beam splitter, D1 and D2 – detectors monitoring Is  and Ip  separately.
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The measured signal (S) is the ratio between the intensity of the light polarised perpendicular
and parallel after the reflection from the sample.

† 

S =
Ip

Is

µ
E p

r

Es
r

µ
Rp

Rs

       (2.1.15)

This ratio changes upon adsorption. The adsorbed amount is then determined as:

† 

G = Q (S - S0)
S0

      (2.1.16)

where S0  is the signal before onset of the adsorption and Q is the sensitivity coefficient.

The sensitivity factor Q was calculated as:

† 

Q = dG ¥
Rp Rs

d( Rp Rs )
,        (2.1.17)

where Rp and Rs were obtained from a 4 layer optical model, with the layer of SiO2 acting as
an optical spacer between the adsorbed film and silicon by enhancing the phase shift between
the components of the light.

The adsorbed layer is usually modelled as a flat layer with refractive index changing linearly
with its average concentration 

† 

c :

† 

Nlayer = Nwater + (dN /dc) ¥ c        (2.1.18)

where the proportionality constant equals the refractive index increment dN/dc, 

† 

c = G /h , G  is
the adsorbed amount and h is the thickness of the adsorbed layer.

2.1.4. Adsorbed amount of composite layers

In papers III and V we attempted to determine the adsorbed amounts of composite layers of
lysozyme/fluorosurfactants and of chitosan/SDS, respectively. The direct determination of the
adsorbed mass from the detected reflectometric optical thickness according to Feijter’s
equation (2.1.14) was not possible due to significantly different refractive index increments of
the components. (Refractive index increments were 0.186 and 0.046 for lysozyme and
fluorosurfactants, respectively, and 0.18 and 0.12 for chitosan and SDS, respectively.) The
dielectric properties of the composite layers depend on the optical properties of the
components and on the detailed microstructure of the layer. For randomly mixed aggregates
with dimensions << l, which is the wavelength of light, assuming only dipole-dipole
interactions between the components, we can use the Bruggeman effective medium
approximation.85
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According to the Bruggeman effective medium approximation the dielectric constant of the
composite material e can be calculated from the relation:

† 

f1
e1 -e

e1 + 2e
+ f2

e2 -e
e2 + 2e

= 0                              (2.1.19)             

where e1 and e2 are dielectric constants of the components, and f1 and f2 are the volume
fractions of the corresponding materials in the composite layer. From this equation, the
relation for the effective refractive index increment of the composite layer, dN/dc, can be
derived in the form:

† 

dN
dc

=

f1A ¥ N N1( )w1
dN1

dc1

Ê 

Ë 
Á 

ˆ 

¯ 
˜ + f2B ¥ N N2( )w2

dN2

dc2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

f1A + f2B
,         (2.1.20)

where

† 

A =
N1

2

(N1
2 + 2N 2)2

B =
N2

2

(N2
2 + 2N 2)2

and w1 and w2 are the weight fractions of the components. (Details of derivation can be found
in Appendix of this thesis.) Provided that we can measure the adsorbed amount of one
component independently, the adsorbed amount of the other component (and thus of the
mixed layer) can be found by applying a condition of self-consistency. In short, our inputs are
the adsorbed amounts of the components. One value is known and thus fixed, while the other
is tentatively chosen. For this tentative composition we calculate the corresponding values of
f1, f2 and w1, w2 . Our choice of the adsorbed amount of the second component is good (self-
consistent), when we obtain an adsorbed amount that is equal to the sum of the input adsorbed
amounts of the components using de Feijters equation (2.1.14) with the effective refractive
index increment calculated from equation 2.1.20.

2.2. QCM-D

The QCM-D technique86 enables us to follow the adsorption on the surface of the quartz
crystal sensor by monitoring the resonance frequency of the crystal and the dissipation of the
oscillation energy. These quantities change during adsorption onto the crystal due to changes
of the viscoelastic properties of the medium in the vicinity of the active surface. (For the basic
resonance frequency of 5 MHz quartz crystal oscillating in water at 20° C, the decay length of
the shear wave is about 250 nm and it decreases with the frequency of overtones as 

† 

1 f .87)
In this thesis work the equipment from the company Q-sense, model E300, was used. It
operates at the basic resonance frequency and at the 3rd, 5th and 7th overtones.

The adsorption onto the sensor surface leads to a decrease in resonance frequency. For rigid
films one can obtain the adsorbed mass per unit area from the Sauerbrey equation:88
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† 

Dm(GQCM ) = -C ¥ Df /n ,           (2.2.1)

where Df is the frequency change at the nth overtone and C is the proportionality constant,
which is a characteristic for a certain type of QCM-D crystal. In our case we used crystals
with nominal frequency of 5 MHz and with a proportionality constant of 0.177 mg/m2.  For
non-rigid, viscoelastic films, the Sauerbrey equation does not hold and one needs more
elaborated ways for evaluation of the measured data. One of them, based on the mechanical
Voigt model of the viscoelatic element, was presented by Voinova et al.89 For viscoelastic
films in liquid, the true adsorbed mass is higher than the mass calculated from the Sauerbrey
equation. This effect is larger for higher overtones and it can be shown90 that

† 

m( f ) = mo 1-hbrb
(h f /r f )4p 2 f 2

(m f
2 + h f

2 4p 2 f 2)

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜           (2.2.2)

where m(f) is the mass according to Suerbrey equation for frequency f, m0  is the true mass of
the adsorbed layer, rb and hb are the density and the viscosity of bulk liquid, rf  ,hf  and mf are
the density, the viscosity and the elasticity modules of the adsorbed film and f is the frequency
of the oscillations.

The dissipation is defined as the relative decrease of the oscillation energy per oscillation
cycle:

† 

D =
Edissipated

Estored

(2p )           (2.2.3)

The change in dissipation caused by an adsorption of relatively rigid layer in aqueous media
is in order or 10-6. (The adsorption of perfectly rigid layer should not lead to any change in
dissipation.)

The QCM-D detects all the mass coupled to the movement of the surface of the sensor during
shear oscillations. Therefore it is sensitive to changes in the amount of solvent coupled to the
adsorbed layer. This solvent can be present either in “bound” form as for example water
involved in hydration layers or as a solvent, which is mechanically trapped within roughness
of the substrate and the adsorbed layer.91

2.3. Total Internal Reflection Fluorescence (TIRF)

Total internal reflection fluorescence is a technique that enables us to detect adsorption of
fluorescent molecules. It is one of several techniques that acquire their surface sensitivity
from exploiting evanescent waves. Other techniques taking use of evanescent waves are for
example Surface Plasmon Resonance (SPR), Total Internal Reflection Microscopy (TIRM)
and Dual Polarisation Interferometry (DPI).

An evanescent wave arises at the interface between media with different optical density
(refractive index) during total internal reflection. The critical angle qc for total internal
reflection can be calculated from Snell’s law:
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† 

qc = sin-1(n2 /n1)                                (2.3.1)

where n1 is the refractive index of the optically denser media and n2 is the refractive index of
the optically rarer media. While the main part of the light is reflected back into the optically
denser media, some energy is transferred into the optically rarer media in form of an
exponentially decaying evanescent wave. The penetration depth dp is dependent on the
wavelength l of the incident light as

† 

dp =
l

2pn1 sin2(qi) - (n2 /n1)
2

                               (2.3.2)

where  qI is an incident angle higher than the critical angle.

A schematic illustration of a total internal reflection fluorescence instrument is provided in
Figure 2.3.1. A description of the basic principles of the method has been provided by Hlady
et al.92, and the calibration procedure is explained in a paper by Roth and Lenhoff.93 The
technique allows detection of adsorption of fluorescent molecules onto a glass slide, which is
coupled to a glass prism by a thin layer of optically matching glycerol. When laser light with
proper wavelength (the excitation wavelength of the fluorophores) is totally reflected at the
glass/liquid interface, fluorescent molecules residing within the evanescent field adsorb
energy and then they return to the ground state by emitting light with another (larger)
wavelength in all directions.  This emitted light is what we detect.

Figure 2.3.1. Schematic of TIRF instrument
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The resulting detected signal, F, is the sum of contributions from all molecules within the
evanescent field:

† 

F = fe(lex ) C(z)E(z)F(lem,z)dz
0

•

Ú             (2.3.3)

where f is the instrumental factor, e(lex) is the extinction coefficient for the excitation
wavelength, C(z) is the concentration of fluorophore, E(z) is the intensity of the electric field
of the evanescent wave and F(z) is the quantum yield at the emission wavelength. The
quantum yield can change in proximity of the surface, either due to effects caused by a large
local concentration of fluorophores or due to structural changes of the fluorophore caused by
its interaction with the substrate.92 By assuming a constant quantum yield and concentration,
which is independent on z outside the adsorbed film, equation 2.3.3 can be rewritten as:

† 

F = fe(lex )F(lem )E(0)G(0) + fe(lex )F(lem )C E(z)dz
h

•

Ú = K(G(0) + Cdp )          (2.3.4)

where K is a constant for a given instrumental arrangement, G(0) is the adsorbed amount, h is
the effective thickness of the film and dp is the penetration depth of the evanescent field. From
equation 2.3.4 it is obvious that both adsorbed fluorophores and non-adsorbed fluorophores
within the evanescent field contribute to the signal. However, for adsorption from solutions
with low concentrations, the contribution of non-adsorbed fluorophores can be neglected and
the intensity of the resulting fluorescence is directly proportional to the adsorbed amount of
the fluorescent molecules.

We used TIRF to determine the adsorbed amount of lysozyme in mixed layers, where
lysozyme was present together with fluorosurfactants. We monitored the natural fluorescence
of tryptophane amino acid residues of lysozyme with adsorption maximum at 295 nm and
emission at about 350 nm.

2.4. Measurement of surface forces

Two different surface force techniques, SFA and MASIF, were employed to measure the
forces between surfaces modified by fluorosurfactants. The theory and principles of the
Surface Force Apparatus (SFA) are explained in the paper by Israelachvili94 and  MASIF is
described in a review by Parker.95 The methods are compared in a review by Claesson et al.96

The force between two surfaces depends on the geometry of these surfaces. The larger the
interacting areas, the larger are the forces.  In order to compare results obtained from different
experiments, it is more convenient to report the free energy of interaction per unit area of flat
surfaces, Gf .  For interactions between a flat surface and a sphere, if the separation between
the surfaces, D, is much smaller then the radius, R, of the sphere, and provided R is
independent on D (no deformation occurs), then the free energy per unit area is proportional
to force, Fsf, normalised by radius, R, of the sphere as
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† 

Gf =
Fsf

2pR
         (2.4.1)

This relation is known as the Derjaguin approximation.59 For the crossed cylinders geometry
used in the SFA, equation 2.4.1. is still valid, but then R corresponds to the mean radius of the
cylinders, calculated as:

† 

R = RaRb          (2.4.2)

where Ra and Rb are the radii of the cylinders. For the sphere-sphere geometry used in the
MASIF, the effective mean radius of two spheres should be calculated as:

† 

R =
R1R2

R1 + R2

         (2.4.3)

 where R1 and R2 are the radii of the spheres.

2.4.1. SFA

A schematic drawing of the SFA is shown in Figure 2.4.1.

Figure 2.4.1. A schematic drawing of interferometric surface force apparatus. (Figure from courtesy of Eva
Blomberg)

Forces are measured between two surfaces, where one is attached to a piezoelectric tube and
the other is attached to a spring. The most commonly used substrate is the aluminosilicate
mineral, muscovite mica, which is glued onto glass prisms, which have half cylindrical shape.
The back-side of the mica sheets are covered by a layer of silver, which acts as a
semitransparent mirror. Therefore, incident white light is multiply reflected between the silver
surfaces on its way to the detector-spectrometer. Constructive interference for certain
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wavelengths gives rise to FECO patterns (Fringes of Equal Chromatic Order). The changes in
position of fringes in terms of wavelength are monitored and from these changes the
separation between the surfaces DD0  can be calculated. The upper surface can be moved either
by applying a voltage to the piezo crystal or the separation can be changed by a DC driven
motor moving the lower surface. The movement of the piezo or the motor is calibrated when
surfaces are far from each other (zero force region). The difference between the intended
change of separation between the surfaces DD (by action of piezo or motor) and the actual
change of separation DD0 (obtained from the interference pattern) equals the deflection of the
spring due to surface forces. Thus, from Hook’s law, the resulting force between the surfaces
is:

† 

F = k(DD - DD0)          (2.4.4)

where k is the spring constant.  The spring constant is determined by application of known
weights at the end of the spring while its deflection is measured with help of a microscope.
The thickness of the adsorbed layer can be obtained from the difference between the
separation of the silver mirrors corresponding to mica-mica contact and their separation when
the adsorbed layers are present between the mica surfaces.

2.4.2. MASIF

The abbreviation MASIF stands for Measurement and Analysis of Surface Interaction Forces.
A schematic illustration of the equipment is shown in Figure 2.4.2.

Figure 2.4.2. A schematic drawing of bimorph surface force apparatus MASIF. (Figure from courtesy of Eva
Blomberg.)

 With this apparatus, the forces are determined from the charge generated during deflection of
a bimorph to which the lower surface is attached. A bimorph is a sandwich of two
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piezoelectric plates. Upon deflection of the bimorph, one plate is compressed and the other is
extended. The resulting difference between charges, which are generated at the surfaces of the
piezoelectric plates, is proportional to the magnitude of the deflection. The upper surface is
attached to the piezoelectric tube. The movement of the piezo is followed by a LVDT (Linear
Variable Differential Transformer), which is calibrated interferometrically. The sensitivity of
the bimorph is calibrated by bringing the surfaces into so called “hard wall contact”, when
both the upper and the lower surfaces move together and the displacement of the piezo
(known from the LVDT) is the same as deflection of the bimorph. After calibration, we can
determine the separation between the surfaces with respect to the position of the hard wall
contact, but we cannot determine the absolute thickness of the adsorbed layer. The
magnitudes of the forces are calculated by using the Hook’s law, eq. 2.4.4.

2.5. AFM

Atomic force microscopy is a valuable tool for resolving topography on nano and micro-scale.
It was developed by Binnig and Quote in 1986.97 With AFM one monitors changes in
deflection of a cantilever probe, which follows surface features. The deflection is usually
detected as a change in the position of a laser spot on a position sensitive photo-detector, after
reflection of the laser light from the back-side of the cantilever. The images are obtained
while the sample, which is attached to a piezoelectric crystal, is scanned in the horizontal
direction.

Figure 2.5.1. Schematic picture of AFM principles

The main imaging modes of AFM are contact mode and Tapping ModeTM, which is a special
method developed by the company Digital Instruments. In contact mode, the tip continuously
follows the topography of the sample. We used contact mode for imaging of soft samples in
liquid media. The damage of the samples was prevented by exploiting repulsive long-range
forces between tip and sample. This method is sometimes referred to as “non-contact” mode
and it was developed by Manne et al.98 In Tapping ModeTM, the cantilever oscillates with a
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frequency close to its resonance frequency. The proximity of the surface leads to a decrease of
the amplitude of the oscillations and to a phase shift between voltage drive and actual
oscillations, which occurs due to interactions between sample and tip. Besides additional
information in form of phase shift, tapping mode has other advantages. In tapping mode, one
minimises the damage of the sample by allowing only short contact times with the tip, and
one also prevents condensation of water between the tip and the sample when imaging is done
in humid air. A disadvantage is that the lateral resolution in tapping mode is generally lower
than in contact mode.

2.6. Ring tensiometry

Ring tensiometry (Figure 2.6.1.) is one of several methods that has been developed for
measuring the surface tension between liquid and gas, or between two liquids. The theory of
the ring tensiometry was derived by Huh and Mason.99 The main principle is that one very
precisely measures the weight of the liquid meniscus that is raised by the ring, which is
passing though the liquid/air interface. As the ring moves up through the interface, the force
exerted on the microbalance increases. The surface tension is determined from the maximum
force measured before the ring detaches from the interface. This maximum is easy to
determine because the measured force decreases before detachment. This decrease
corresponds to approach of the inner and outer menisci before the liquid film between them
ruptures.

to balance

Figure 2.6.1. Ring tensiometry

The surface tension of the liquid is proportional to the maximum force experienced by the
balance:

† 

g =
Fmax

4pR
f (R3

V
, R
a

)           (2.6.1)

where g is the surface tension, Fmax  is the maximum force measured when the ring passes
through the interface and R is the radius of the ring. The correction function f(R3/V, R/a) takes
into account the finite size of the ring and also additional water, which is lifted by the ring
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beside that in the meniscus. V is the volume of this additional water and a is the radius of the
wire from which the ring is made.

The ring used in this study is made of 90:10 % alloy of platinum, providing the ring with
chemical inertness, and iridium, providing the ring with stiffness. Platinum is also used due to
its high surface energy, because one of the assumptions for calculation of surface tension
from the measured weight is that the contact angle between the ring and the liquid equals
zero. Very hydrophobic surfactants can adsorb to the ring, which leads to a decrease of
measured weight and this can erroneously be interpreted as a lower surface tension.100 This
effect may be large at high values of the surface tension, but it introduces only a minor error
in the determination of the critical micellar concentration.

During adsorption of surface active agents at the air/water interface, the surface tension
decreases according to Gibbs equation

† 

dg = Gidmi
i

Â          (2.6.2)

where

† 

dmi = RTd ln ai          (2.6.3)

Gi is the surface excess of a given component of the interfacial layer, µi is the chemical
potential of the i-th component and ai is the activity of the component. Below the critical
micellar concentration we can approximate the activity by the concentration of surfactant
monomers.

By tensiometry, the critical micellar concentration of surfactants can be determined as a break
point in the plot of surface tension vs. concentration. Surfactant monomers are surface active,
while micelles are present in bulk, therefore the surface tension decreases with increasing
surfactant concentration until micelles starts to form. At concentrations above cmc, the
surface tension remains roughly constant because the added surfactants end up in micelles and
the activity of the surfactant does not significantly change anymore.

2.7. NMR

The basics of Nuclear Magnetic Resonance (NMR) can be found in the book of P.J. Hore.101

NMR, enables us to detect the local environment of nuclei, which posses non-zero magnetic
moment. The magnitude of this momentum is dependent on the spin quantum number. Most
elements have at least one naturally occurring isotope with non-zero spin.

In the absence of an external magnetic field, the energetic levels of nuclei with differently
oriented spins are degenerated. When nuclei are transferred into an external magnetic field
with strength B0, the energy levels split to become dependent on the orientation of the spin
with respect to the external field. For nuclei with spin 1/2 two energetic states become
distinguishable: a low energy state with the spin oriented oppositely to the external field and a
high energy state with the spin oriented in the same direction as the external field.  The
population difference between these two states is established according to the Boltzmann
distribution:
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† 

Nupper

Nlower

= e
-

DE
kT           (2.7.1)

where k is Boltzmann’s constant, T is the temperature and DE is the energy difference
between the levels. This energy difference equals:

† 

DE = (h /2p )gB0          (2.7.2)

where h is Planck’s constant, g  is the gyromagnetic ratio for a given nuclei (ratio of its
magnetic and angular moments) and Bo is the strength of the external magnetic field. The
transfer between the energy levels is possible upon adsorption of a photon, with such a
frequency n , that its energy hn equals the difference between spins energy levels. The
frequency of this photon, i.e. the resonant frequency, can be expressed by relation:

† 

v =
gB0

2p
         (2.7.3)

If the nuclei are flipped from their equilibrium positions in the magnetic field, they presses
around these positions with the same frequency, which is also called the Larmor frequency.
This precession movement induces an electromagnetic signal in a receiver coil. Common
NMR instruments detect signals in the radiofrequency region at hundreds of megahertz.

In our work we used the spectra of 1H and 19F nuclei. Both isotopes are abundant in nature and
they also have high gyromagnetic ratio, which leads to strong signals due to the relatively
high population difference between the possible energy levels.

With NMR one can obtain information about the chemical environment of the studied nuclei.
This is possible due to fact that electrons moving around the nuclei also generate magnetic
fields (B), which is usually opposing the external field (B0). This leads to changes in
resonance frequency, and to a shift relative to a (hypothetical) case corresponding to the bare
nucleus. Then:

† 

v =
g(B0 - B)

2p
         (2.7.4)

By detecting fine shifts, one can resolve the chemical structure of molecules as well as gain
information on the polarity of the environment surrounding molecular groups of interest.

The chemical shift d is usually defined with respect to the frequency of some reference state
as:

† 

d =
(n -n ref )

vref

                              (2.7.5)

For example, if the reference state of -CF3 fluorine corresponds to the monomeric state of
fluorosurfactants in aqueous environment, then the peak corresponding to the same group in
dense fluorocarbon environment inside micelles is shifted by –2.7 ppm (i.e. towards lower
resonance frequencies).102
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In our case NMR provided us with three basic quantities:

i) the position of the peaks reflecting the local environment of the groups of interest

ii) the area of the peaks reflecting concentration of groups in certain environment

iii) the width of the peaks reflecting kinetic phenomena, for example speed of
tumbling of the group in a certain state, where broad peaks indicate slow tumbling

2.8. CryoTEM

Transmission Electron Microscopy (TEM) works in a similar way as an optical microscope,
with the difference being that electrons are utilized instead of light photons. The analogue of
the light source is an electron gun and the analogue of glass lenses are magnetic lenses in
form of coils.  The resolution of TEM can go down to the Ångström level. This is much better
than the resolution of (visible) light microscopes, which is about 100 nm, and the reason for
this is the shorter wavelength of electrons in comparison to light. When passing through a thin
sample, electrons can be transmitted or scattered. (The adsorption is usually not an important
factor in TEM).  In a grey-scale bright field image, the darker areas correspond to those parts
of the sample that scatter electrons more than the surrounding areas. The contrast is provided
by differences in crystalline structure or in atomic number, because heavy atoms cause more
scattering than light ones.

For imaging of aggregates or molecules in aqueous solution Cryogenic TEM is used in order
to avoid evaporation of the solvent due to heating by passing electrons. The sample liquid is
applied onto a metal grid. The access liquid is blotted and a thin liquid film is formed. The
specimen is rapidly frozen to very low temperatures in ethane, which is used due to its
(relatively) high heat capacity. The freezing is done slightly above the melting point of
ethane, which is -183°C, and the sample is then stored in liquid nitrogen with a boiling point
of -196°C. By using this procedure water forms an amorphous vitreous structure instead of ice
crystals, which would be an obstacle during imaging. Extremely low temperatures must be
maintained during the whole imaging procedure.

CryoTEM enabled us to see the structures and size of fluorosurfactant aggregates formed in
bulk solution. Details of the experimental procedure are explained in the paper of Almgren et
al.103
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2.9. Overview of experimental techniques

The main information obtained by the techniques employed in this thesis work is summarized
in the two tables below.

Table 2.9.1. Techniques for characterisation of the adsorbed layers
Technique Information
Ellipsometry thickness and  refractive index of the adsorbed layer, adsorbed amount
Reflectometry adsorbed amount, adsorption kinetics
QCM-D total mass including coupled solvent, dissipation, rigidity of  ads. layer
TIRF adsorbed amount of fluorescent component of the adsorbed layer
SFA layer thickness, forces between adsorbed layers
MASIF forces between adsorbed layers
AFM topography of adsorbed layers

Table 2.9.2. Techniques for characterisation of the molecules in bulk solution
Technique Information
Tensiometry surface tension, critical micellar concentration
NMR local chemical environment, bulk association
Cryo-TEM structure in bulk solution, size of aggregates in bulk
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3. Results and Discussion

3.1. Interactions between fluorosurfactant FC134 and lysozyme

Our aim was to obtain a better understanding of interactions between FC134 and lysozyme
adsorbing onto silica surface from mixed FC134/lysozyme solutions, which is relevant for
capillary electrophoresis. However, first it was necessary to characterize the behavior of the
components in bulk solution in order to find out, which structures are involved in the system.
Then, the adsorption of FC134 and the adsorption of lysozyme onto silica were studied
separately, before we could finally look at how these species effect each other when adsorbing
from mixed solutions.

3.1.1. Aggregation behavior of cationic fluorosurfactant FC134 in bulk solution

A simple way to detect the onset of surfactant aggregation is to record a surface tension
isotherm. The isotherm of FC134 shown in Figure 3.1.1. was obtained in 10 mM phosphate
buffer. The aggregation of FC134 is indicated already from a concentration of 8 µM, from
which the slope of surface tension versus concentration starts to decrease. The absence of a
sharp cmc can be explained by the polydispersity of the sample, discussed in section 1.3.3.
The main component of FC134 with chemical formula CF3(CF2)nSO2NH(CH2)mN(CH3)3

+ I-, is
the fractions with 8 carbon long FC part (n=7) and m equal 3 or 4. The difference between 8
µM and 17 µM is suggested to correspond to difference between the critical micellar
concentrations of components with different lengths of the hydrocarbon part. The critical
micellar concentration of the fraction with shorter CF chain (n=5) is expected to be in the
hundreds of µM range.61 Precise interpretation of the shape of the isotherm is complicated,
because the onset of micellisation is not always sharp even for monodisperse
fluorosurfactants, since formation of full micelles can be preceded by the formation of
quazimicellar objects with unusually small aggregation numbers that can be as low as 6.50

At 17 µM FC134, the air/buffer interface was saturated by the most surface active
components with longest CF chain and therefore any further changes in bulk aggregation with
FC134 concentration were inaccessible by surface tension measurements.

Figure 3.1.1. Surface tension versus concentration of FC134 in 10 mM phosphate buffer at pH=7.0
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The aggregation of FC134 in 10 mM phosphate buffer was followed in more detail and in a
wider concentration range by 19F NMR. The part of the spectrum corresponding to the –CF3
group of the FC134 measured in 1 mM surfactant solution is shown in Figure 3.1.2. The
position of the –CF3 peak depends on the hydrophobicity of its environment and its shape
reflects the size of the structure in which the –CF3 group is involved as presented in Table
3.1.1.

Figure 3.1.2. 19F NMR spectrum corresponding to -CF3 group of FC134 in 1 mM solution in 10 mM phosphate
buffer.

Table 3.1.1.  Dependence of the position and shape of the -CF3 peak in 19F spectra on the environment of the
–CF3 group.
Environment of –CF3  group Position Broadening
aqueous environment - monomers 0 ppm sharp – quick tumbling
dense FC environment - small micelles -2.7 ppm broad – slow tumbling
dense FC environment - vesicles  not distinguished >> 1 kHz-very slow tumbling

Two peaks can be distinguished in Figure 3.1.2. The smaller peak at 0 ppm corresponds to
surfactants in a monomeric state and larger peak at –2.7 ppm corresponds to surfactants in
small aggregates. The amounts of surfactants present at different states were calculated from
the areas under the corresponding peaks. For concentrations above cmc, the total amount of
surfactants added into solutions is smaller than the sum of the amounts of surfactants present
as monomers and surfactants in small aggregates. The missing surfactants are assumed to be
involved in large aggregates. These large aggregates tumble slowly and therefore they give
rise to a very broad peak, which cannot be distinguished from the spectral baseline.  Large
vesicles, which can be seen in the Cryo-TEM image of a 100 µM sample (Figure 3.1.3.) fulfill
the necessary characteristics and the “missing” surfactants can be assigned to them.
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Figure 3.1.3. Large vesicles a) and disc-like micelles indicated by arrows b) in the sample containing 100 µM
FC134. The bar corresponds to 100 nm. Images are obtained by CryoTEM.

The changes in absolute and relative concentrations of surfactants in different states as a
fraction of surfactant concentration are shown in Figure 3.1.4.

Figure 3.1.4. Concentration of surfactants in monomeric state (<), in small aggregates that contribute to the 19F
NMR spectrum (Å ), and in large aggregates undetected by NMR (= ). Absolute (a) and relative (b)
concentrations are shown.

Large aggregates (presumably vesicles) are formed already at the critical micellar
concentration. Surprisingly, the concentration of free monomers continues to increase with
concentration even above 17 µM, at which the air/buffer interface became saturated and any
added long surfactant monomer ends up in aggregates. Therefore, the observed increase in
bulk monomer concentration above cmc must be a consequence of the increasing
concentration of less surface active monomers with shorter tails, which still do not aggregate.
The second –CF3 peak in the NMR spectrum does not appear until the total FC134
concentration reaches 100 µM.  Above this concentration smaller aggregates are formed. This
aggregates are probably formed by incorporation of short chained surfactants into mixed
aggregates of monomers with shorter and longer hydrophobes. According to surfactant
packing parameter concept explained in section 1.3.2, the shorter surfactants with less bulky
tails can be expected to be incorporated into the edge parts of micelles, where the curvature is
higher. An alternative explanation of the appearance of the second peak would be the onset of
micellization of shorter tail components. The Cryo-TEM images taken for 100 µM samples
confirms the coexistence of large vesicles and large disc like micelles (Figure 3.1.3.)
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From these findings, the aggregation behavior in 10 mM phosphate buffer can be
schematically pictured as in Figure 3.1.5.

Figure 3.1.5. Aggregation behavior of FC134 with respect to total surfactant concentration. The longer tails are
pictured in black, shorter tails are pictured in red.

In 0.1 mM NaI, the critical micellar concentration was about 40 µM (30 ppm). This is higher
than the cmc in 10 mM phosphate buffer due to stronger repulsion between surfactant
headgroups at lower ionic strength.

3.1.2. The lack of association between FC134 and lysozyme

It may seem counter-intuitive to suspect association between two likely charged species, in
our case between a cationic surfactant FC134 and a positively charged protein lysozyme.
However, association between surfactants and likely charged proteins is commonly observed
and it may even cause a denaturation of the proteins (i.e. a change in proteins tertiary
structure). Convincing examples, which illustrates that the outcome of our study is far from
obvious, are studies where lysozyme was proven to associate with cationic surfactants with
trimethylammonium head-groups (a hydrocarbon analogues of FC134).18, 49, 104  The protein
structure was altered and a denaturation of lysozyme took place at high surfactant
concentrations. Although the net positive charge of lysozyme at pH 7.0 is 8,105 lysozyme still
carries negatively charged groups, which can electrostaticly interact with cationic surfactants.
From 32 titrable groups of lysozyme, 20 are positively charged, but 12 are still negatively
charged at pH 7.0. The association occurs provided that the hydrophobic interactions between
surfactant tails and the hydrophobic parts of the protein are strong enough to favor association
of negatively charged amino acids with cationic surfactants due to charge neutralization by
simple salt counterions. It was shown that for alkyltrimethylammonium bromides, the alkyl
tail has to contain at least 10 carbon atoms to induce denaturation of lysozyme.49

The association between a surfactant and a polymer can be detected by comparison of surface
tension isotherms of the surfactant measured in the absence and in the presence of the
polymer. If the surfactants associate with the polymer, the critical micellar concentration is
expected to increase, because the concentration of free surfactant monomers in solution would
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be diminished since some surfactants would be involved in complexes with a polymer. We
measured surface tension isotherms of FC134 in a pure buffer and in a buffer containing 2
mg/ml (ª136 µM) lysozyme (Figure 3.1.6.)

Figure 3.1.6. The concentration dependence of the surface tension in solutions of FC134 in 10 mM phosphate
buffer, pH=7.0 without (n) and with (Å) 2 mg/ml added lysozyme.

In Figure 3.1.6., one can see that the presence of proteins in solution only causes changes in
the initial part of the isotherm, while the value of the cmc does not shift. The differences in
the initial part of the isotherm in the absence and in the presence of proteins are caused by the
surface activity of lysozyme, which dominates the air/buffer interface until the concentration
of FC134 becomes sufficiently high to replace it. Lysozyme is eliminated from the interface
at about 1 µM of FC134 and the isotherms overlap each other at higher surfactant
concentrations. This behavior indicates the lack of association, which was confirmed by
NMR.

The association of FC134 with lysozyme should lead to a perturbation of the NMR spectra of
the surfactant in the presence of the protein. The part of the 19F NMR spectra corresponding to
the CF3 group of FC134 recorded in the absence and in the presence of lysozyme are shown in
Figure 3.1.7.
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Figure 3.1.7. 19F NMR spectra of the CF3 group for 1 mM FC134 a) and 1mM FC134 with 4 mg/ml lysozyme b)
dissolved in 10 mM sodium phosphate buffer  prepared in water and adjusted to pH 7.0.

The spectra in Figure 3.1.7.a) and 3.1.7.b) are nearly identical. No chemical shift was
detected, which would indicate a change of the chemical environment of the CF3 group, nor
any line broadening, which can be expected if surfactant monomers would associate with the
larger lysozyme molecules, which would slow down their tumbling. This proves that there are
neither any electrostatic nor any hydrophobic interactions between lysozyme and FC134
monomers or small surfactant aggregates.  We know that there also are large fluorosurfactant
vesicles present in the bulk solution (see section 3.1.1.), which are not visible in the 19F NMR
spectra. If these vesicles would associate with lysozyme, we should observe a line broadening
in the lysozyme spectrum because the tumbling of lysozyme molecules would slow down.
The 1H NMR spectrum measured for the FC134/lysozyme mixture corresponds to a simple
sum of the spectra for the pure surfactant and the spectra for pure protein (Figure 3.1.8.) and
therefore we can conclude that there is no association between lysozyme and FC134 in 10
mM phosphate buffer at pH 7.0.
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Figure 3.1.8. 1H NMR spectra of 1mM FC134 a) 4 mg/ml lysozyme b) 1 mM FC134 with 4 mg/ml lysozyme c)
dissolved in 10 mM sodium phosphate buffer prepared with heavy water.

3.1.3. Adsorption of FC134 onto silica

The adsorption isotherm of FC134 on silica was determined at two different ionic strengths,
in 0.1 mM NaI at natural pH 5.7 and in 10 mM phosphate buffer adjusted to pH 7.0. Both
adsorption isotherms are shown together in Figure 3.1.9, where the concentration of FC134 is
expressed as a fraction of cmc at the given salt concentration. The cmc is about 40 µM in 0.1
mM NaI and about 17 µM in 10 mM phosphate buffer.

At low FC134 concentrations, the adsorption is driven by an electrostatic attraction between
positively charged head group of the surfactant and the negatively charged silica substrate.
The adsorption is limited and it roughly corresponds to charge neutralization of deprotonated
silanol groups at silica surface. The degree of deprotonation of the silanol groups depends on
pH and the ionic strength,106 on the nature of added salt107 and on the presence of positively
charged species that adsorb onto the silica surface.108 For our study, the relevant charge
density values are 0.5 µC/cm2 detected at low ionic strength and pH 6 and about 0.9 µC/cm2

detected at ionic strength of 0.01 mM at pH 7.106 Neutralization of these charges would lead to
FC134 adsorption of about 0.3 mg/m2 and 0.6 mg/m2, respectively. Above the charge
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neutralization concentration, the adsorption proceeds through hydrophobic interactions
between the hydrophobic tails of already adsorbed surfactants and the tails of the surfactant
monomers in the ambient solution.  In this concentration region, the adsorbed amount is
rapidly increasing with concentration, while the adsorption kinetic can be very slow and it can
take several hours to reach the equilibrium. The adsorption plateau is reached at
concentrations that are slightly lower than the cmc. A limiting factor for the adsorption is the
electrostatic repulsion between head groups of surfactants forming adsorbed aggregates. For
this reason, the plateau adsorbed amount is lower in 0.1 mM NaI than in 10 mM sodium
phosphate buffer, where the electrostatic repulsion between head groups is partly screened.
The difference between the plateau values can also be affected by the fact that the surface
charge of the silica surface is higher at pH 7.0 in phosphate buffer than at pH 5.7 in 0.1 mM
NaI.

Figure 3.1.9. Adsorption isotherm of FC134 at silica in 0.1 mM NaI at pH=5.6 (Œ), obtained by ellipsometry,
and in 10 mM sodium phosphate at pH=7.0 (ø), obtained by optical reflectometry.

The adsorption of FC134 onto glass in 0.1 mM NaI was followed by surface force
measurement between glass surfaces, which were exposed to increasing fluorosurfactant
concentrations. It was found that bilayer aggregates were formed already at FC134
concentrations corresponding to 1/3 of cmc, even though the equilibration time was long.
Force curves obtained upon approach of modified silica surfaces after 2 hours and after more
than 10 hours of equilibration are shown in Figure 3.1.10. At short equilibration time charge
neutralization was obtained and van der Waals attraction pulled the surfaces together from
about 10 nm. Longer equilibration time led the charge reversal, which is indicated by the
presence of electrostatic double-layer repulsion.  At shorter separations bilayer-bilayer contact
was achieved, however, an inward step of about 3 nm was recorded upon application of
sufficient load. This step corresponds to driving away molecules, which were residing in the
outer part of bilayer aggregates. During the following separation, an adhesion of 35 mN/m
was obtained, which is about an order of magnitude lower than the adhesion between tightly
packed surfactants monolayers prepared by Langmuir-Blodgett technique (200-300 mN/m).109

The relatively low adhesion indicates a low density and order of the surfactant molecules in
the monolayers. The inset in the Figure 3.3.2. shows a theoretical fit to DLVO theory to the
measured interactions. The DLVO theory (Derjaguin-Landau-Verwey-Overbeek theory)110, 111

considers resulting forces as a superposition of electrostatic double layer repulsion and a van
der Waals attraction. A good fit was obtained down to a separation of about 5 nm, proving
that double layer forces dominated the interactions in the long and middle range region. At
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even shorter separation, a steric repulsion between bilayers led to the onset of a steep
repulsion. The best fit was obtained with constant surface charge boundary conditions (upper
solid curve in the inset) of 87 nm2/charge. It is interesting to compare this value with the area
per surfactant in the outer surface layer, which can be estimated from the ellipsometric
adsorbed amount. The equilibrium adsorbed amount for the concentration of 1/3 of cmc is
2.34 mg/m2. The corresponding area per surfactant molecule in the outer layer is about 1 nm2,
when assuming a homogeneous bilayer structure of the adsorbed layer.  The large difference
between value obtained by ellipsometry and by the DLVO fit to surface forces can be
explained by counter ion “binding”, which decreases the electrostatic repulsion between the
modified surfaces. The surface charge of the adsorbed aggregates is partly compensated by I-

counterions, which remains in close vicinity of the head groups. The degree of counter ion
binding estimated from the difference between ellipsometric area per surfactant and DLVO
area per charge is about 98%. This is in good agreement with similar estimations made for
alkyltrimethylammonium bromides, for which the degree of counterion binding was  found to
be more than 75%  and with studies suggesting that iodide counterions are bound to
trimethylammonium head groups stronger than bromide counterions.112

Figure 3.1.10. Forces normalized to radius of curvature (F/R) versus separation (D) of the glass surfaces
modified by the adsorbed layers of FC134. Data were recorded during approach of glass surfaces immersed into
1/3 cmc solution of FC134 in 0.1 mM NaI, pH 5.7 measured after equilibration time of 2 hours (ò) and after
equilibration time of more than 10 hours (ò). The inset shows the forces after equilibration time of more than 10
hours in a semi-logarithmic scale. The solid lines represents fits to DLVO theory. The upper solid line is the fit
with constant surface charge boundary conditions (87 nm2/charge) and lower solid line is the fit with constant
surface potential boundary conditions (63 mV). The Hamaker constant used in fitting procedure was in both
cases equal to 0.7 ¥ 10-20 J.

The force versus distance plots corresponding to approach of silica surfaces immersed in
surfactants solutions with different concentrations are shown together at Figure 3.1.11. One
can see that the stability of the bilayer aggregates is increasing with surfactant concentration
and above cmc we could not displace the molecules in the outer layer and reach monolayer-
monolayer contact even when we applied the highest load accessible in our experimental
setup, 8.5 mN/m.
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Figure 3.1.11. Forces normalized to the radius of curvature (F/R) versus separation (D) of the glass surfaces
modified by the adsorbed layers of FC134. Data were recorded upon approach of glass spheres immersed into
fluorosurfactant solutions in 0.1 mM NaI. The fluorosurfactant concentrations were 1/3 cmc (°), 2/3 cmc (°),
1.7 cmc (ò) and 3.3 cmc (ò).

An interesting feature of the forces profiles obtained for solutions of FC134 above cmc is the
presence of an adhesion of about 2 mN/m between bilayers (Figure 3.1.12.). This observation
indicates a “patchy” bilayer coverage in 0.1 mM NaI.

Figure 3.1.12. Adhesion forces between glass surfaces covered by surfactant assemblies after reaching
monolayer-monolayer contact (ô), bilayer-bilayer contact (ò) and the force load required to reach bilayer-
bilayer contact (ò). (By convention, repulsive forces are displayed as positive, while attractive forces and
adhesion are displayed as negative.)

The presence of alternating patches of uncovered silica and FC134 bilayer aggregates for
layers adsorbed from 0.1 mM NaI, pH 5.7 was confirmed by AFM imaging (Figure 3.1.13.)
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Figure 3.1.13. Images obtained in contact mode AFM in 0.1 mM NaI, pH=5.7. a) bare silica surface, b) patchy
coverage of silica by FC134 bilayer aggregates adsorbed from 1/3 cmc solution, c) patchy coverage of silica by
FC134 bilayer aggregates adsorbed from 1.7 cmc solution, d) full coverage by FC134 bilayer adsorbed from 3.3
cmc solution.  All the images are height images with a size of 1 µm ¥ 1 µm, shown in a z-scale of 5 nm
represented by the brightness of the color. In order not to destroy the aggregates by interaction with the tip, the
repulsive force between the tip and the surfactant coated surface was employed for imaging (“noncontact
imaging”98).

In Figures 3.1.11. and 3.1.12., one can also see that an increasing load was required to reach
bilayer–bilayer contact with increasing FC134 concentration.  At concentrations above cmc,
steps in the force curves were observed when the surfaces were forced together. We suggest
that these steps correspond to removal of surfactant aggregates, which are loosely associated
with the bilayer coated surfaces.  The changes in the structure of FC134 adsorbed layers at
silica in 0.1 mM NaI at pH 5.7 with bulk surfactant concentration are schematically illustrated
in Figure 3.1.14.
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Figure 3.1.14. An illustration of the suggested structures of fluorosurfactant layers adsorbed at silica in 0.1 mM
NaI, pH 5.7 for FC134 concentrations of 1/15 cmc a), 1/3 cmc b), 2/3 cmc c) and 1.7 cmc and above d) and of a
changes of this structures upon applied load (in between arrows).
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The adsorption of FC134 onto silica in 10 mM sodium phosphate buffer, pH 7.0 was studied
by optical reflectometry and QCM-D. The mass sensed by QCM-D and the reflectometric
adsorbed amount are shown in Figure 3.1.15.

Figure 3.1.15. QCM-D sensed mass (p), dissipation per unit mass (ô) and reflectometric adsorbed amount (Æ)
of FC134 adsorbed on silica from 10 mM phosphate buffer at pH=7.0. For 100 µM the layer was sometimes
rigid with low dissipation per unit mass and sometimes elastic with high dissipation per unit mass. In the latter
case the adsorbed amount was slightly higher.

The average QCM-D sensed mass corresponding to the plateau region of adsorption is 5.35  ±
0.13 mg/m2, while the average reflectometric adsorbed amount is 3.90 ± 0.13 mg/m2. The
difference between these values indicates that there is about 1.45 ± 0.26 mg/m2 more solvent
coupled to the FC134 bilayer than to the hydrophilic silica substrate, which constitutes the
baseline in QCM-D experiments. An excess solvent can either be mechanically trapped in the
roughness of the adsorbed layer (e.g. in-between patches) or it can be present as a hydration
layer coupled to hydrophilic groups. By AFM, we observed a flat FC134 bilayers adsorbed
from solutions above cmc, which show only shallow large-scale undulations (Figure 3.1.16.).
No patches of uncovered silica were observed. There was no excess solvent sensed for
bilayers of didodecyltrimethylammonium bromide (DDAB) with similar topography, which
we studied in paper V. Therefore, the amount of solvent that is mechanically trapped in the
layers of FC134 is expected to be similar as in the case of DDAB. The difference in the
excess solvent sensed for DDAB and FC134 can arise from different hydration of the
trimethylammonium bromide and the trimethylammonium iodide head groups of the
surfactants. An alternative explanation of the high amount of solvent coupled to FC134
bilayers can be the missmatch between the cross-sections of FC and HC chains, which are
31.5 Å2 and 21.4 Å2, respectively. This may result in that the solvent gets trapped between
hydrocarbon parts of the surfactant chains.
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Figure 3.1.16. Images obtained in tapping mode AFM in 10 mM sodium phosphate buffer, pH=7.0. a) bare
silica surface, b) FC134 bilayer adsorbed from 1.8 cmc solution, c) patches remaining on the surface after rinsing
FC134 bilayers adsorbed from 1.8 cmc solution. All the images are height images with a size of 2 µm ¥ 2 µm,
shown in a z-scale of 5 nm represented by the brightness of the color.

Besides the sensed mass, QCM-D enables us to follow the changes in dissipation of the
oscillation energy caused by adsorption. Generally, the lower the dissipation, the more rigid is
the layer. Figure 3.1.17. shows the changes in dissipation with a proceeding adsorption (an
increasing sensed mass) for three different concentrations of FC134 in 10 mM phosphate
buffer. In some experiments, we detected a slightly higher dissipation at the initial stages of
the adsorption. This is consistent with an initial adsorption in form of vesicles. An adsorption
of elastic vesicles leads to a significantly higher dissipation of the oscillation energy than
adsorption of rigid flat bilayers.113, 114 The subsequent decrease in dissipation with sensed mass
would then correspond to a transformation of initially adsorbed vesicles into bilayer or
possible desorption of vesicles. In some experiments done in 100 µM FC134, we have seen
that the dissipation rapidly increases after an initial adsorption phase. A rapid increase in
dissipation with adsorbed mass can be a consequence of a trapping of vesicles between
patches of an incomplete bilayer. An alternative explanation would be an adsorption of bulk
aggregates in form of a loosely packed layer on top of the initially formed bilayer. Attractive
interactions between the positively charged bilayers and the positively charged bulk
aggregates might be mediated by HPO3

2- ions of the buffer. The change of dissipation versus
sensed mass plot for adsorption of FC134 from 100 µM sample is indeed very similar to the
change of dissipation versus sensed mass plot for lysozyme adsorption (Figure 3.1.20.), which
we interpreted as being due to formation of two layers, one densely packed and another
loosely packed layer on the top of the first one.

Figure 3.1.17. Changes in dissipation with sensed mass during adsorption of FC134 onto silica from 10 mM
phosphate buffer at pH 7.0. Concentrations of FC134 were 10 µM (ô), 60 µM (Æ) and 100 µM (p). Cmc of
FC134 in 10 mM sodium phosphate buffer is between 8-17 µM.



55

It is important to mention that the adsorption of FC134 onto silica is reversible and 30
minutes rinsing with background electrolyte leads to nearly complete desorption of
surfactants as shown in Figure 3.1.18.

Figure 3.1.18. Adsorption kinetics of FC134 at silica from 100 µM solution in 10 mM phosphate buffer at pH
7.0 measured by reflectometry. 15 minutes recording of the baseline in pure buffer is followed by 30 minutes of
adsorption from sample solution. Subsequent 30 minutes rinsing with pure buffer results in nearly complete
desorption of surfactants.

3.1.4. The adsorption of lysozyme onto silica

Positively charged lysozyme adsorbs extensively onto negatively charged silica. The
adsorption kinetics of lysozyme from 0.2 mg/ml solution in 10 mM phosphate buffer was
monitored by QCM-D and by reflectometry and the results are shown in Figure 3.1.19.

Figure 3.1.19. Reflectometric adsorbed amount,GREFL, QCM-D sensed mass, GQCM-D, and change in dissipation,
∆DQCM-D, for lysozyme on silica. 30 minutes  adsorption of lysozyme from a 0.2 mg/ml solution in 10 mM
phosphate buffer at pH 7.0 was followed by 30 minutes rinsing with the buffer.
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The first rapid increase in the sensed mass is followed by a slower increase and equilibrium is
still not reached after 30 minutes. The adsorbed amount obtained by employing reflectometry
after 30 minutes is about 2.5 mg/m2, which is more than the adsorbed amount expected for a
hexagonally closed packed monolayer of ellipsoidal lysozyme molecules in a “side-on”
orientation. Our experimental results are consistent with an adsorption in form of bilayer,
which was previously suggested by other groups based on neutron reflectivity115 and
ellipsometric116 experiments. The presence of two different processes in the layer build-up is
even more evident when we plot the changes in a dissipation during the layer formation
against the sensed mass (Figure 3.1.20.).

Figure 3.1.20. Change in the dissipation, ∆D, with sensed mass during adsorption of lysozyme from 0.2 mg/ml
solution in 10 mM phosphate buffer and subsequent rinsing with the buffer measured by QCM-D. The arrow at
about 3.4 mg/m2 marks the change of the slope.

The first rapid adsorption step was assigned to formation of a rigid, randomly closed packed
monolayer of “side-on” molecules. Following slower adsorption corresponds to the formation
of more loosely packed second layer that leads to a significant increase in dissipation.

The adsorption of lysozyme is to a large extent irreversible. Upon rinsing, the adsorbed
amount initially quickly decreases to about 1.6 mg/m2, but then remains stable. The value of
the removed adsorbed amount is consistent with desorption of molecules from the second
layer, which was previously observed by Su et al.115 However, the solvent content increases
from about 60% to 70% upon rinsing and also, the dissipation remains high. This can be
explained by a non-complete desorption of the second layer for example due to irreversible
formation of dimers between some molecules in the second and the first layer as suggested by
Wahlgren.116 Since there are still some molecules left in the second layer after the rinsing, the
absolute amount of mechanically trapped solvent in the layer does not change significantly,
while the reflectometric adsorbed amount decreases. Thus, the relative solvent content in the
layer increases. Our hypothesis is illustrated in the Figure 3.1.21.
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Figure 3.1.21. A schematic picture of the structure of a lysozyme layer adsorbed on silica from 0.2 mg/ml
solution in 10 mM phosphate buffer at pH 7.0. On the right hand side, a structure of the layer after rinsing is
pictured with a higher relative content of the solvent in the layer in comparison to the state before rinsing.

3.1.5. Competitive adsorption of FC134 and lysozyme at silica surface

The cationic fluorosurfactants do not interact with lysozyme in bulk solution (see section
3.1.2.) and therefore the presence of both species in solutions leads to competitive adsorption
of these positively charged molecules, which both have a high affinity for the negatively
charged silica surface.  Our aim with this study was to identify the fluorosurfactant
concentration at which the presence of FC134 successfully quench adsorption of lysozyme
onto silica. The lysozyme concentration in solution was 0.2 mg/ml, which is a relevant
concentration for protein undergoing separation by capillary electrophoresis.

Figure 3.1.22. An example of a single reflectometric experiment concerning competitive adsorption of lysozyme
and FC134 on silica from 10 mM phosphate buffer, pH 7.0. The optical thickness versus time is shown for
adsorption from 60 µM FC134 solution containing 0.2 mg/ml lysozyme. The arrows mark the introduction of the
sample solution into measuring cell and the beginning of the rinsing with pure buffer, respectively. At least 15
minutes were devoted for recording the baseline in the phosphate buffer prior to the introduction of the sample
solution into the cell.

In a single experiment (Figure 3.1.22) we monitored adsorption kinetics from mixed solutions
by following changes in reflectometric optical thickness with time. The results from separate
experiments measuring adsorption from mixed solutions containing 0.2 mg/ml lysozyme and
different concentrations of FC134 are summarised in Figure 3.1.23.
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Figure 3.1.23. The optical thickness of the layers adsorbed from mixed solutions of lysozyme and FC134 in 10
mM phosphate buffer, pH 7.0. Data for different FC134 concentrations were obtained in separate reflectometric
experiments. The concentration of lysozyme was kept constant, 0.2 mg/ml, while the concentration of FC134
was increasing. Different symbols corresponds to the optical thickness after 30 minutes adsorption (Æ), the
optical thickness after subsequent 30 min rinsing with the buffer (Ø) and the optical thickness of the FC134
layers adsorbed from solutions in absence of lysozyme (Œ). The adsorbed amount scale can be applied only for
pure lysozyme layers, i.e. at 0 µM FC134, and for the layers remaining after rinsing.

The optical thickness of the layers remaining on the substrate after rinsing corresponds to
irreversibly adsorbed proteins, because the adsorption of fluorosurfactants is nearly fully
reversible with respect to rinsing with buffer (see Figure 3.1.18.). The irreversibly adsorbed
proteins were practically eliminated from the adsorbed layer already at 30 µM FC134.
However, the knowledge of the optical thickness of the adsorbed layers before rinsing does
not enable us to distinguish, whether the adsorbed layer is formed by FC134 or by reversibly
adsorbed proteins. Also, we cannot distinguish whether an increase in the optical thickness at
FC134 concentrations between 40 µM and 100 µM was caused by an enhanced adsorption of
fluorosurfactants or by an adsorption of some additional reversibly adsorbed proteins.

Due to these uncertainties, reflectometry was complemented by Total Internal Reflection
Fluorescence (TIRF) measurements that are sensitive only to the presence of fluorescent
molecules at an interface, in our case lysozyme.  Knowing the adsorbed amount of lysozyme,
one can obtain the adsorbed amount of FC134 in the mixed layers from the total optical
thickness (section 2.1.4). Results are presented in Figure 3.1.24.
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Figure 3.1.24. The adsorbed amount of lysozyme (¢) and FC134 (p) in layers after 30 minutes adsorption from
mixed solutions of lysozyme and FC134 in 10 mM phosphate buffer, pH 7.0. The concentration of lysozyme was
kept constant at 0.2 mg/ml, while the concentration of FC134 was varied in separate experiments. The adsorb
amount of lysozyme was measured by TIRF and the adsorbed amount of FC134 was calculated from
reflectometric optical thickness using effective media approximation. For comparison, the reflectometric
adsorbed amount of FC134 adsorbed from solutions in absence of lysozyme  is shown in the same picture(Œ).

The TIRF results shows that the adsorption of lysozyme is suppressed to less than 10 % of its
original value (measured in the absence of surfactants) when 30 µM FC134 is present in the
mixed solution (Figure 3.1.24.). It was interesting to notice that lysozyme molecules rapidly
adsorb in a submonolayer amounts at the silica surface after injection of the mixed solutions
at all FC134 concentrations studied. Only at later stages they are gradually replaced by
fluorosurfactants and the exchange is more rapid the higher is the surfactant concentration
(Figure 3.1.25.).

Figure 3.1.25. A gradual elimination of lysozyme with the time in the layers adsorbed onto silica from mixed
solutions of lysozyme and FC134 in 10 mM phosphate buffer, pH 7.0 measured by TIRF. The concentration of
lysozyme was 0.2 mg/ml in all solutions, and the concentration of FC134 was 10 µM (Æ), 30 µM (¢), 60 µM
(p) and 100 µM (ò). The lysozyme solution was introduced to the measuring cell at 0 min.
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Surprisingly, the presence of trace amounts of irreversibly adsorbed proteins leads to an
enhancement of FC134 adsorption. This probably happens through adsorption of surfactant
vesicles, which are prevented from spreading by the irreversibly adsorbed proteins. The
vesicles must have sufficient interaction with the substrate in order to undergo sufficient
deformation leading to their rupture and spreading.117 This hypothesis is in agreement with
QCM-D data, which indicate adsorption of viscoelastic layers in the presence of lysozyme in
solution (Figure 3.1.26.). The adsorption of elastic vesicles would be consistent with this
observation.

Figure 3.1.26. Sensed mass, M, and change in dissipation, D, detected by QCM-D during adsorption on silica
from mixed solutions of FC134 and lysozyme in 10 mM phosphate buffer, pH 7.0. All solutions contained 0.2
mg/ml lysozyme, while the concentration of FC134 was 30 µM a), 60 µM b) and 100 µM c). The values are
shown for the 3rd, 5th, and 7th overtones of the nominal resonance frequency of about 5 MHz. At least 15 minutes
were devoted for recording the baseline in the phosphate buffer prior to the injection. Baseline was recorded in
pure buffer at least for 15 minutes, which was followed by 30 minutes adsorption from mixed solution (between
0 and 30 min) and then by 30 minutes rinsing with pure 10 mM phosphate buffer (between 30 and 60 minutes).
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Figure 3.1.27. illustrates our explanation of the presented data. The amount of irreversibly
adsorbed proteins decreases with increasing concentration of FC134. At low FC134
concentrations (10 µM and 30 µM) there are mostly FC134 monomers, which replace
lysozyme molecules at an interface. At higher FC134 concentrations (60 µM), the probability
that vesicles adsorb on the silica surface increases with increasing proportion of vesicles in
solution. Some of these vesicles spread, but some of them stay trapped between the protein
molecules if they cannot reach sufficient deformation to induce their rupture. Both the
reflectometric adsorbed amount and the sensed mass increase, as well as the dissipation. At
even higher concentrations (100 µM), the spacing between the irreversibly adsorbed proteins
increases and more vesicles can spread and thus, only large vesicles are left on the surface.
The sensed mass continues to increase, because large vesicles contain a lot of solvent, but the
reflectometric adsorbed amount decreases.

Figure 3.1.27. A schematic drawing of the adsorbed layers formed by coadsorption of lysozyme and FC134 on
silica in 10 mM phosphate buffer, pH 7.0. The arrow indicates increasing concentration of surfactants, while the
concentration of lysozyme was kept constant at 0.2 mg/ml. The vesicles are not drawn to scale. In reality, their
size varies from about tens of nm to a micrometer scale, as can be seen in the Cryo-TEM image in Figure
3.1.3.a).
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3.2. Interactions between SDS and chitosan

Our aim was to study the SDS association to chitosan and its effect on the pre-adsorbed
chitosan layer structure. The interactions between chitosan and sodium dodecylsulfate, SDS,
were monitored at two different ionic strengths, 0.1 mM NaNO3 and 30 mM NaNO3. These
two ionic strengths differ significantly in terms of the distance scale at which electrostatic
interactions are important. The strength of electrostatic interactions between macroscopic
surfaces in solutions decays exponentially with the Debye screening length, which is about 30
nm in 0.1 mM solution and about 1.8 nm in 30 mM NaNO3. All experiments were done at pH
4.0. At this pH, practically all amino-groups of the chitosan are protonated and thus, the
chitosan (with 85% degree of deacetylation, DA) is a highly positively charged
polyelectrolyte.

3.2.1. Interactions between SDS and chitosan in a bulk solution

The electrostatic attraction between positively charged chitosan and negatively charged SDS
leads to association at both ionic strengths studied.  The positive electrophoretic mobility of
chitosan decreases due to formation of complexes with SDS with increasing concentration of
surfactants in solution until a charge neutralization is reached at an SDS concentration
between 1.0 mM and 1.5 mM (Figure 3.2.1.). At even higher concentrations, a charge reversal
is observed and complexes with negative electrophoretic mobility are formed.

Figure 3.2.1. The electrophoretic mobility measured for 200 ppm solutions of chitosan with various
concentrations of SDS.  Data are shown for solutions prepared in 0.1 mM NaNO3 (œ) and in 30 mM NaNO3 (Æ).

The association in bulk between SDS and chitosan was further studied by turbidimetry, which
gives an insight into the aggregation (clustering) of SDS/chitosan complexes. Further, the
association was also studied by tensiometry, which gives information about adsorption at the
air/water interface from SDS/chitosan solutions with various compositions. The results are
presented in Figure 3.2.2.a) for 0.1 mM NaNO3 and in Figure 3.2.2.b) for 30 mM NaNO3.
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Figure 3.2.2. Surface tension and turbidity as a function of the SDS concentration in 0.1 mM NaNO3 a), and in
30 mM NaNO3 b). The surface tension isotherms were measured in pure SDS solutions (–) and in the presence
of chitosan (p). The SDS concentration was stepwise increased by addition of a concentrated stock solution. The
starting concentration  of chitosan was 200 ppm , which decreased to 164 ppm after addition of stock SDS
solution to the final concentration. Turbidity data are shown for separately prepared mixtures of 200 ppm
chitosan and SDS, measured 2 hours (£) 2 days (ò) and 6 days (ô) after mixing. (Grey points correspond to
concentrations, at which surface tension values were irreproducible.)

The critical micellar concentrations for pure SDS solutions are 8.3 mM in 0.1 mM NaNO3 and
3.3 mM in 30 mM NaNO3. The surface tension of pure 200 ppm chitosan solution is identical
to the surface tension of the aqueous electrolyte solution at both ionic strengths, which proves
that chitosan is not surface active by itself (at least at the given concentration). At low SDS
concentrations, the presence of chitosan in solution causes an enhancement of the adsorption
at air/water interface due to formation of surface active complexes. The decrease in surface
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tension is rapid until a break point appears in the isotherm. The break point corresponds to the
critical association concentration, from which SDS associates with chitosan cooperatively in
form of aggregates. An association of SDS to chitosan in form of aggregates leads to the
formation of more hydrophilic complexes than an association of SDS to chitosan in form of
monomers. The critical association concentration was assigned to be 0.02 mM in 0.1 mM
NaNO3 and 0.1 mM in 30 mM NaNO3. This is in good agreement with values found in the
literature. Wei and Hudson,8 observed cooperative association of SDS to chitosan (DA
84.5%) from approximately 0.02 mM in 2 mM KBr  at pH 4.2.118 found that cac of SDS and
chitosan (DA 75-85%) was lower than 0.05 mM in solution at pH 3 without added salt and
lower than 0.2 mM in solution containing 150 mM NaCl.

In 0.1 mM NaNO3, the surface tension continues to decrease at surfactant concentrations
above cac. The reason for this might be decreasing repulsion between surface active
complexes, because the ionic strength increases slightly with concentration of SDS monomers
and their counterions. The sudden jump in the surface tension isotherm coincides with charge
neutralization of complexes in bulk.  At this concentration we observed macroscopic phase
separation at the air/water interface in form of flakes visible to the naked eye. At even higher
surfactant concentration, the adsorbed complexes are replaced by SDS at the interface and the
surface tension decreases in a similar way as in a pure SDS solution until free SDS micelles
start to form in the bulk solution. The critical micellar concentration of SDS in the presence of
chitosan is higher than in the absence of chitosan and this increase corresponds to the amount
of SDS bound to chitosan. The estimated degree of association from the surface tension
isotherms is about 1.1–1.8 SDS molecules per chitosan segment in 0.1 mM NaNO3.

At the higher ionic strength, 30 mM NaNO3, the surface tension reaches a plateau at cac,
because the adsorption at the interface is not effected by the electrostatic repulsion in the same
way as at lower ionic strength. The increase in surface tension at higher SDS concentration
coincides with a macroscopic phase separation at the interface as well as in a bulk solution.
The phase separation appears already at concentrations below the charge neutralization
concentration. The increase in surface tension is caused by desorption of complexes from the
interface when bulk precipitate is formed and the bulk concentration of complexes decreases.
At even higher SDS concentrations, surfactants dominate the interface and the surface tension
decreases until cmc is reached. The degree of association of SDS to chitosan calculated from
the difference in the cmcs measured in presence and in absence of chitosan is 1.8-2.0 SDS
molecules per chitosan segment.

An increase in the turbidity value is observed when the SDS/chitosan complexes start to form
aggregates. The aggregates formed in 0.1 mM NaNO3 are electrostatically stabilized and the
turbidity of the solutions does not change significantly with time. The precipitation coincides
with charge neutralization. In 30 mM NaNO3, where the electrostatic repulsion between the
aggregates is screened, we can observe coalescence of aggregates with time and precipitation
at concentrations below charge neutralization. At both ionic strengths we obtained solutions
free of precipitate at sufficiently high SDS concentrations. Very high turbidity values were
observed in this concentration region up to concentrations of several multiples of cmc. We
suggest that these large turbidity values at high surfactant concentration are a consequence of
the stiffness of the chitosan chains, which form intermolecular aggregates involving several
chitosan chains bridged by SDS micelles rather than smaller intramolecular aggregates
requiring wrapping of the chitosan chain around SDS micelles. These aggregates still exists in
the solution even after 6 days from mixing despite of the excess of SDS. This indicates that
the aggregates are trapped in long lived non-equilibrium states. (In a large excess of SDS, the
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expected equilibrium situation is the form of soluble negatively charged SDS/chitosan
complexes dispersed to individual chains.)

3.2.2. Structure of chitosan layers at low charged silica substrate

Silica acquires the surface charge by dissociation of surface silanol groups and therefore its
surface charge is highly pH dependent. The silica substrate is practically uncharged at pH 4.0
at which we carried out our experiments and the surface charge density is less than 0.18
mC/m2 (0.0019 µM/m2). We compared our results with the adsorption of chitosan at the
highly negatively charged surface of an aluminosilicate mineral mica, which was reported by
Dedinaite et al.119 For mica, the density of available negative charges corresponds to the
number of exchangeable potassium ions, which is given by a crystalline structure of this
aluminosilicate mineral. It is independent of pH and it amounts to 336 mC/m2 (3.5 µM/m2).

The adsorption of chitosan onto low charged silica was studied by optical ellipsometry and
QCM-D. The ellipsometric adsorbed amount and mass sensed by QCM-D for chitosan layers
adsorbed at different ionic strengths (i.e. concentrations of NaNO3 in our case) are presented
in Figure 3.2.3.

Figure 3.2.3. The ellipsometric adsorbed amount and the QCM-D sensed mass of chitosan layers adsorbed on
silica at pH 4.0 as a function of concentration of NaNO3 in solution. The adsorption was carried out from 20 ppm
chitosan solution.

There is a striking difference between the optical adsorbed amount, GEllips, and the mass sensed
by QCM-D, GQCM-D. While optical ellipsometry is sensitive only to the “dry” mass of the
adsorbate QCM-D senses also the solvent coupled to the oscillations of the crystal and it is
evident, that the amount of coupled solvent significantly increases with increasing ionic
strength during the adsorption of chitosan.  We can estimate the weight fraction of solvent in
the layer from the simple relation

† 

ws =
GQCM - GEllips

GQCM

.          (3.2.1)
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The rigidity of the adsorbed layers can be characterized by the DD/GQCM ratio, which
expresses the change in dissipation per unit sensed mass. In general, a low DD/GQCM ratio
indicates rigid adsorbed layers and a high DD/GQCM ratio indicates extended loosely packed
adsorbed layers. In Figure 3.2.4, the DD/GQCM ratio and solvent content are plotted against the
ionic strength of the background electrolyte solution.

Figure 3.2.4. DD/GQCM ratio and weight fraction of solvent in the chitosan layers as a function of concentrations
of NaNO3 in solution. The adsorption was carried out from a 20 ppm chitosan solution.

Table 3.2.1. Adsorption of chitosan on silica at pH 4.0 in presence of various concentrations of NaNO3. GQCM is
the mass sensed by QCM-D, Gellips is the ellipsometric adsorbed amount, n is the average refractive index of the
layers and d is the average thickness of the adsorbed layer. The adsorption was carried out from a 20 ppm
chitosan solution.

NaNO3 GQCM (mg/m2) Gellips (mg/m2) Water (%) n d (Å)
0.1 mM 0.39 ± 0.05 0.10 ± 0.02 76 ± 12 1.359 < n < 1.397     2 < d < 6
30 mM 1.41 ± 0.10 0.14 ± 0.01 90 ± 2 1.348 < n < 1.353   12 < d < 24
100 mM 2.01 ± 0.15 0.15 ± 0.01 93 ± 2 1.346 < n < 1.349 21< d <  27
300 mM 2.68 ± 0.37 0.15 ± 0.01 94 ± 2 1.345 < n < 1.349 23 < d <  47
500 mM 2.45 ± 0.12 0.12 ± 0.01 95 ± 2 1.346 < n < 1.349 24 < d <  35

1000 mM 0 0 - - -

The results are summarized in Table 3.2.1, in which also the average refractive indexes and
the thicknesses of the layers are presented. The adsorbed amount of chitosan on silica at pH 4
is about one order of magnitude lower than the values around 1 mg/m2, which were reported
on mica under the same conditions. Even scarce adsorption of chitosan on silica corresponds
to more than 200 folded overcompensation of the surface charge. This seems to indicate a
non-electrostatic driving force for the chitosan adsorption on silica. On the other hand, the
adsorbed amount was dependent on the ionic strength. After an initial increase, the adsorption
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starts to decrease again from 300 mM of NaNO3 until it completely vanishes at 1000 mM
ionic strength. This is typical for adsorption driven by electrostatics, but then the high degree
of surface charge overcompensation seems puzzling. The contradiction can be explained by
charge regulation theory108 predicting that the presence of a highly charged polyelectrolyte
leads to significant regulation of the surface charge by promoting dissociation of the surface
silanol groups. Further, some chitosan segments are predicted to become deprotonated in the
vicinity of uncharged surface patches.

In 0.1 mM NaNO3 chitosan forms flat rigid layers on silica with adsorbed amount of 0.10 ±
0.02 mg/m2 and  thickness between 0.2 to 0.6 nm. Adsorption from 30 mM NaNO3 leads  to
an adsorbed amount of 0.14 ± 0.01 mg/m2  and to formation of a less flat layer with thickness
between 1.2 to 2.4 nm. Except of the absolute value of the adsorbed amount, these results are
in good agreement with the results obtained on highly charge mica substrates.119 On mica, an
increase in ionic strength from 0.1 to 30 mM NaNO3 caused an increase of the layer thickness
from 0.5 to 3.0 nm and a 1.2 folded increase in the adsorbed amount. From this comparison it
is clear that in our case the structure of the adsorbed chitosan chains is more affected by the
ionic strength of the solution than by the initially low charge density of the charge regulated
substrate.

The chitosan layers adsorbed on silica at pH 4.0 contains surprisingly much solvent at all
ionic strengths. This is caused by an incomplete coverage of the substrate by chitosan chains,
which cover only about 15 % of the substrate area, if we assume the area 25 Å2 per glucoside
ring.120 The solvent content in the chitosan layers is between 76% and 95%, which is in good
agreement with our estimation of the uncovered area. The patchy layers are rough in the
nanoscale range, which results in that a large amount of the solvent is mechanically trapped in
the space between the adsorbed polymer molecules and oscillates with the QCM-D crystal.
The sensing of mechanically trapped solvent in rough adsorbed layers is discussed in more
detail in the next section and in paper V. The solvent trapped  between patches covered by
chitosan chains is schematically illustrated in the Figure 3.2.5.

Figure 3.2.5. A schematic illustration of the structure of the chitosan layers at silica at pH 4.0 adsorbed as a flat
rigid at low ionic strength a) and as a more extended layer at high ionic strengths b). The dotted line in the
pictures on the right hand side corresponds to the boundary between the bulk solvent and the solvent coupled to
the movement of the crystal with mechanically trapped solvent between the adsorbed chains.
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3.2.3. Interactions between SDS and pre-adsorbed chitosan layers

Exposure of pre-adsorbed chitosan layers to SDS solutions leads to an increase in the
ellipsometric adsorbed amount and to structural changes in the layers, which were followed
by QCM-D. Results are shown in Figures 3.2.6. a) and c) for low ionic strength of 0.1 mM
NaNO3 and in Figure 3.2.6. b) and d) for higher ionic strength (30 mM NaNO3). The changes
in the layer structure can be illustrated by changes in the value of dissipation per unit sensed
mass (∆D/GQCM ratio) with SDS concentration, shown in Figure 3.2.7.

At low ionic strength, addition of SDS to concentration of 0.02 ¥ cmc causes a minor
decrease in ∆D/GQCM ratio, which might indicate further compaction of the initially rigid layer.
However, larger structural changes do not occur until the SDS concentration exceeds 0.2 ¥
cmc. From this concentration the ∆D/GQCM ratio increases significantly, which indicates
swelling of the layer up to ∆D/GQCM values observed for chitosan layers adsorbed at high ionic
strengths.  At an ionic strength of 30 mM NaNO3, it is possible to observe collapse of the
layer indicated by the abrupt decrease of ∆D/GQCM already after the first addition of SDS to
concentration of 0.02 ¥ cmc. Full collapse is observed at 0.05 ¥ cmc SDS and the layer
remains rigid until the SDS concentration exceeds 0.4 ¥ cmc. Above this concentration some
reswelling is observed, but the layer does not retain its original extended structure even at
SDS concentrations as high as cmc.

Figure 3.2.6. 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 and the dissipation obtained from
QCM-D measurements at 0.1 mM (a and c) and 30 mM (b and d) of NaNO3. Arrows with the abbreviation ch
show addition of chitosan from a 20 ppm solution onto the silica substrate and the letters r show rinsing with a
polymer/surfactant free NaNO3 solution. The fraction of CMC of SDS is then continuously increased from 0.02
times CMC to 1.0 time 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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Figure 3.2.7. Changes in the structure of pre-adsorbed chitosan layers expressed as changes in the ∆D/GQCM ratio
as a function of the concentration of SDS in 0.1 mM NaNO3 a) and in 30 mM NaNO3 b). The open symbol
shows the situation after the final rinse with a polymer/surfactant free NaNO3 solution.

Swelling of the layer at low and at high ionic strengths reflects two different processes. While
extensive swelling is a consequence of a partial desorption of the SDS/chitosan chains after
charge reversal at low ionic strengths, at high ionic strengths the swelling is hindered by the
existence of kinetically stable intralyer aggregates that are formed when chitosan segments
extending towards bulk solution collapse after association with SDS molecules. Similar
aggregates were not formed at low ionic strength, because initially the adsorbed layer was flat
and the adsorption of SDS does not lead to structural changes until it induces desorption of
some segments from the substrate.

3.2.4. An alternative way of evaluation of the ellipsometric data

When SDS associates with pre-adsorbed chitosan layers, the resulting layer consists of two
components with different refractive index increments dN/dc, which are 0.12 ml/g for SDS
and 0.18 ml/g for chitosan. It is difficult to determine the ellipsometric adsorbed amount from
de Feijters formula (2.1.14), because it requires the knowledge of an effective refractive
increment of the composite adsorbed layer. The easiest approach is to use constant refractive
index increment equal to the highest refractive index increment of the two components and
use it independently on the layer composition. In this way we can obtain the lower estimate of
the adsorbed amount. This approach was used to obtain the data presented in Figure 3.2.6.a)
and 3.2.6.b). In order to account for changes in refractive index increment with layer
composition, one might use another intuitive approach, and calculate the refractive index
increment as a volume average of dN/dc values of components for each layer
composition.(Details of the evaluation procedure are explained in the Appendix of this thesis.)
However, optical properties do not change linearly with layer composition. Even simplified
approaches based on the effective medium approximation, lead to rather complicated relation
(2.1.20.).  The effect on the resulting adsorbed amount is significant, because effective
refractive index increment can for some compositions be even lower than the dN/dc values of
each of the components (Figure 3.2.8.)
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Figure 3.2.8. Refractive index increment calculated as a volume average of the refractive indexes of components
(Œ) and from the Bruggeman effective medium approximation (¢ ) for different fractions of SDS in the
composite chitosan/SDS layers.

The ellipsometry data, which were presented in section 3.2.3., were recalculated using the
Bruggeman effective medium approximation (EMA) as it is described in section 2.1.4. of this
thesis and in details in Appendix. Calculations were done only up to SDS concentrations from
which desorption was observed, under the assumption that no desorption of SDS/chitosan
complexes takes place below this concentration.  The results for low ionic strength of 0.1 mM
NaNO3 are presented in Figure 3.2.9. and results for high ionic strength of  30 mM NaNO3 are
presented in Figure 3.2.10. One can see that for each layer composition we have significantly
underestimated the adsorbed amount by using the constant dN/dc even though the qualitative
trends were preserved.  If we recalculate the adsorbed amount to the number of the adsorbed
SDS molecules per pre-adsorbed chitosan segment, we can see that already the first addition
of SDS led to association surpassing charge neutralization, which corresponds to the value
about 0.85 SDS /chitosan segment for 85% charged chitosan. (Probably the amount of SDS
required for the charge neutralization value is even lower, since some chitosan segments were
already neutralized by interaction with dissociated surface silanol groups.) This indicates that
also hydrophobic interactions between tails of SDS were important and association was
cooperative already at the lowest SDS concentrations studied. Thus, the critical association
concentration is lower than 0.02 ¥ cmc at both ionic strengths, which corresponds to 0.17 mM
in 0.1 mM NaNO3 and to 0.07 mM in 30 mM NaNO3. The binding before the onset of
desorption of SDS/chitosan complexes is higher than corresponding binding in bulk solution
at cmc (See section 3.2.1.), probably due to better access of SDS molecules to chitosan
strands scarcely covering the silica substrate.
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Figure 3.2.9. Ellipsometric adsorbed amount as a function of  SDS concentration in 0.1 mM NaNO3 a) and in 30
mM NaNO3 b). Results are compared for different methods of calculation of dN/dc for the composite
SDS/chitosan layer. (Anotation “0.18” stands for use of constant dN/dc independently on the layer composition
and equal to that of pure chitosan.) The value of adsorption recalculated to adsorbed SDS/chitosan segment can
be found using the secondary y-axis.

In Figure 3.2.10., the changes in layer structure expressed as changes in ∆D/GQCM are shown
together with the changes in the solvent content, which were calculated from the difference
between  the sensed mass and the ellipsometric adsorbed amount. Clearly, the solvent content
calculated using the effective medium approximation is in best agreement with the structural
changes in the layers, as it shows a decrease at surfactant induced collapse of the adsorbed
layer at both ionic strengths. At high ionic strengths, the effective media approximation leads
to similar solvent content in the collapsed layers as it was calculated for rigid layers that were
adsorbed at low ionic strengths, which indicates that the collapse causes a reduction of the
layer thickness.
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Figure 3.2.10. Changes in layer structure (in ∆D/GQCM) and in solvent content in the layer with SDS
concentration in 0.1 mM NaNO3 a) and in 30 mM NaNO3 b). Results are compared for different methods of
calculation of dN/dc for composite SDS/chitosan layers. (Anotation “0.18” stands for use of constant dN/dc
independently on the layer composition and equal to that of pure chitosan.) The errors bars in solvent content
were similar for each method, but they are shown only for the effective medium approximation (EMA) in order
not to overcrowd the figure.

In Figure 3.2.11, the structural changes in the layers are plotted versus advancing SDS
association to chitosan chains as calculated from the effective medium approximation. The
collapse of the layers corroborates with charge neutralization, while swelling appears only
after significant charge reversal.
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Figure 3.2.11. Changes in the layers structure, expressed as ∆D/GQCM, with respect to the amount of adsorbed
SDS molecules per pre-adsorbed chitosan segments in 0.1 mM NaNO3 (Æ) and in 30 mM NaNO3 (ò). The
adsorbed SDS per chitosan segment was obtained with the refractive index increment calculated according to the
Bruggeman effective media approximation.

The results, which were obtained by employing the Bruggeman effective medium
approximation (EMA) for determination of the effective refractive index increment, reflect
the trends observed by QCM-D. This was not the case for the results obtained employing two
other methods. Also, the results obtained by the EMA are in good agreement with our
intuitive expectations concerning surfactant-polyelectrolyte association, since the charge
neutralisation precedes the collapse of the pre-adsorbed polyelectrolyte layer. The other two
methods resulted in a calculated association that is less than 0.5 SDS/chitosan segment at the
SDS concentration of 0.05 cmc, which leads to the full collapse of the layer. Thus, the use of
the EMA for calculation of the effective dN/dc of composite adsorbates seems to be
significantly better method for the evaluation of the ellipsometric data in comparison with the
use of constant refractive index increment independently on the layer composition or in
comparison with the estimation of the effective dN/dc as the  volume average of the refractive
index increments of the components. However, the association of SDS to the pre-adsorbed
chitosan will have to be evaluated by an independent experimental method in order to confirm
or disprove the results obtained the EMA method.
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3.3. The effect of adsorbed layer surface roughness on the QCM-D response

When used in liquid environment, QCM-D senses not only the ”dry” mass of the adsorbent
but also the part of the solvent that is coupled to the adsorbed film and thus oscillates along
with the sensor crystal.91 This solvent can be either ”bound” in the adsorbed film, as in
hydration layers, or mechanically trapped in cavities of a rough surface. In order to obtain a
better understanding of this phenomenon we varied the surface roughness of the adsorbed
layer in a controlled way and we completed to our knowledge the first systematic study
concerned with water mechanically trapped in topographical irregularities of the adsorbed
layer.

3.3.1. Model system

For modification of the surface nanoscale roughness of silica coated QCM-D crystals we used
cationic surfactants. We studied three different surfactants with the same head groups, but
different hydrophobic tails: double chained didodecyldimethylammoium bromide (DDAB),
single chained hexadecyltrimethylammonium bromide (CTAB) and shorter single chained
dodecyltrimethylammonium bromide (DTAB). Their self-assembly at the silica surface
resulted in three different, well defined topographies of the adsorbed layers. The surfactants
with the same head groups were chosen in order to minimize variation in the amount of
hydration water associated with the head group and to concentrate on the effect of water
trapped in the cavities of the adsorbed layers.

We suggested that the adsorbed surfactant aggregates could be characterized by the surface
surfactants packing parameter sSPP in a similar way as bulk aggregates can be characterized
by the (bulk) surfactant packing parameter defined in section 1.3.2. The surface surfactant
packing parameter was calculated as

† 

sSPP =
v

l ¥ As

,       (3.3.1)

where v is volume of the hydrocarbon tail of surfactant, l is the length of the alkyl chain of the
surfactant in all-trans conformation and As is the average area per surfactant head group in a
certain adsorbed micellar structure. In our case, the average area per head group was
calculated from the reflectometric adsorbed amount assuming bilayer structure of layers
adsorbed from concentrations above the cmc of the surfactants. In general, the sSPP can be
even lower than the value of 1/3, which corresponds to the most curved, spherical aggregates
in bulk. This is due to the area of voids between aggregates and eventually some defects.

The adsorption of the double chained didodecyldimethylammonium bromide (DDAB), with
sSPP equal to 0.65 ± 0.05, resulted in flat bilayers (Figure 3.3.1.b), adsorption of the single
chained hexadecyltrimethylammonium bromide (CTAB), with sSPP equal to 0.32 ± 0.02
resulted in layer of short rod like micelles (Figure 3.3.1.c), and the shorter single chained
dodecyltrimethylammonium bromide (DTAB), with sSPP of 0.19 ± 0.02, adsorbed in form of
randomly closed packed spherical micelles (Figure 3.3.1.d). We could conclude that the
surface surfactant packing parameter qualitatively predicts differences in topographies of the
adsorbed layers, since with decreasing sSPP the curvature of the adsorbed micellar structures
increased and thus the nanoscale surface roughness.
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Figure 3.3.1. AFM images of bare silica with no features (A), of adsorbed layer of DDAB showing large scale
undulations (B), of adsorbed layer of CTAB showing rod-like micelles (C) and of adsorbed layer of DTAB
showing small micellar aggregates.

 3.3.2. Relative increase of the detected mass due to sensed trapped solvent

The relative increase of the mass of the adsorbed layer due to sensed water was calculated
from the difference between the mass sensed by QCM-D and the reflectometric adsorbed
amount as

† 

jM =
GQCM - GREFL

GREFL

 .       (3.3.2)

Data are shown in Figure 3.3.2.

The QCM-D data could be evaluated in terms of the Sauerbrey equation, since the relative
frequency shift due to surfactant adsorption was the same for all the overtones and the change
in dissipation was negligible and thus, the adsorbed surfactant layers can be considered as
rigid. Corrections for changes in density and viscosity of the bulk solution had to be done in
the case of DTAB (Figure 3.3.3.), since adsorption was carried out from concentrations of 1.2
¥  cmc, which is for DTAB relatively high, 15 mM. No correction was needed in case of
DDAB with cmc of 0.08 mM and CTAB with cmc of 1 mM.
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Figure 3.3.2. The reflectometric adsorbed amount GREFL , mass sensed by QCM-D GQCM and changes in
dissipation DQCM during adsorption of DDAB (A), CTAB (B) and DTAB (C). The baseline obtained in pure
water from –15 to 0 min, is followed by injection of a 1.2 ¥ cmc surfactant solution from 0 to 30 minutes and
then by rinsing with pure water from 30 to 60 minutes.
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Figure 3.3.3. The reflectometric adsorbed amount (¢), mass sensed by QCM-D (ø) and change in dissipation
(ò) for adsorbed DTAB layers as a function of the DTAB concentration in bulk solution. The arrows represent
extrapolations to zero bulk concentration.

For bilayers of DDAB, the calculated jM  was –0.02 ± 0.10.  For CTAB layers consisting of
rod like micelles, jM  was 0.42 ± 0.15 and for DTAB layers consisting of spherical micelles,
jM  was 1.34 ± 0.26. These values are in good agreement with expected values based on the
theoretical ratio of the volume of mechanically trapped water to the volume of adsorbed
surfactants, jv  (Figure 3.3.4. and Table 3.3.1.). From this jM  can be calculated as

† 

jM =
rw

rads

¥jv,       (3.3.3)

where rw is density of water and rads is density of the adsorbed surfactants. For surfactants
used in this study rw equals to rads within 5% and thus, there is only little difference between
weight and volume ratios, jM and jv.



79

Figure 3.3.4. A simple geometrical model of surfactant structures at the interface. An ideal bilayer (A), rod-like
micelles (B) and spherical micelles (C). The envelope represents the total volume of the film sensed by QCM-D.
The cross-sections of hemimicelle (i), deformed micelle (ii) and regular micelle (iii).

Table 3.3.1. The theoretical ratios jv of the volume of mechanically trapped water to the volume of the adsorbed
surfactants for surfactant layers adopting specific regular topographies, and the corresponding relative water
content w in the layer (in volume %).

jv
deformed
 micelles

jv
regular
micelles

w
deformed
micelles

w
regular
micelles

Flat monolayer -  0.00 - 0%
Flat  bilayer -   0.00 - 0%
Halve rods - 0.27 - 21%

Rods 0.12 0.27 11% 21%
Spheres-hcp 0.32 0.65 24% 39%
Spheres-rcp 1.18 1.73 54% 63%

hcp - hexagonally closed packed arrangement, rcp - randomly closed packed arrangement

Based on the comparison between the amount of the trapped water, which was expected for
the imaged surfactant structures, and the amount of trapped water, which was detected, we
could conclude, that QCM-D effectively senses water located in cavities with sizes in the
nanometer range. This implies that changes in the amount of mechanically trapped water
should be taken into account whenever one interprets changes in the QCM-D sensed mass due
to adsorption processes that might involve changes in surface topography.
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Conclusions
The main findings in my PhD studies can be concluded in the following points:

• Large aggregates (presumably vesicles) are the first phase of the fluorosurfactant
FC134 at its critical micellar concentration (cmc). At higher concentrations large
vesicular aggregates coexist in solution together with smaller disc-like micelles.

• The cationic fluorosurfactant FC134 does not associate with the net positively charged
protein lysozyme even though association was observed between the lysozyme and the
analogous cationic hydrocarbon surfactant. The lack of association is caused by the
mutual phobicity of fluorocarbons and hydrocarbons.

• In 0.1 mM NaI at pH 6, the cationic fluorosurfactant FC134 adsorbs onto silica in the
form of bilayer aggregates from a concentration of 1/3 of its cmc and a surface charge
reversal is observed. The adsorbed surfactant layer remains patchy even above the
critical micellar concentration, from which additional aggregates start to loosely
adsorb on the top of the initial layer.  In 10 mM sodium phosphate at pH 7,
fluorosurfactants form flat continuous bilayers at concentrations above the cmc.

• When the adsorption takes place in 10 mM phoshate buffer at pH 7 from a mixed
protein/fluorosurfactant solution containing 0.2 mg/ml lysozyme, lysozyme is
eliminated from the resulting layer with more than 90% effectivity provided the
concentration of FC134 in the mixed solution is higher than 30 µM.

• The presence of a small amount of residual proteins in the layers adsorbed from mixed
lysozyme/FC134 solutions leads to an enhancement of the FC134 adsorption at its
concentrations between 30 and 100 µM. This was attributed to an adsorption of FC134
in form of large vesicles, which are trapped between the lysozyme molecules.

• The structure of the chitosan layer on the low charged silica is strongly affected by the
ionic strength of the solution from which the chitosan adsorption takes place. At low
ionic strength, a flat rigid layer is formed, while at high ionic strengths chitosan
adsorbs as a more extended viscoelastic layer. The adsorbed amount of chitosan at the
lowly charged silica is much lower than the amount of chitosan adsorbed onto the
highly charged mica under the same conditions in terms of ionic strength and pH. On
the low charged silica, patchy layers of chitosan were formed.

• The structural changes in the layer caused by SDS adsorption to the pre-adsorbed
chitosan layer formed at the lowly charged silica are similar to the changes caused by
SDS adsorption to the pre-adsorbed chitosan layer formed at the highly charged mica.
The interactions are more affected by the structure of pre-adsorbed chitosan chains
(flat or more extended) than by the character of the substrate.

• The evaluation of the ellipsometric data based on the Bruggeman effective medium
approximation leads to the results that are in good agreement with structural changes
in the mixed SDS/chitosan layers, which were detected by the QCM-D.

• The QCM-D effectively senses the water that is mechanically trapped inside
topographical features of the adsorbed layers, which are in the nano-meter scale range.
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Comment

Many conclusions of surface studies presented in this thesis are based on the combination of
data obtained with several techniques. The same processes were followed in several separate
experiments probing different aspects of the adsorption. There is a need for advanced
equipments, which would enable one to obtain several types of information during the same
run. This would significantly reduce the uncertainties arising from slightly different properties
of the available substrates and from the differences in the flow systems.
Well, it would also save some time …
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List of Abbreviations

cmc   critical micellar concetration
cac   critical aggregation concentration

FC134   cationic fluorosurfactant with the structure CF3(CF2)nSO2NH(CH2)3-4N+(CH3)3I-

SDS   sodium dodecylsulfate

CTAB   hexadecyl (cetyl) trimethylammonium bromide

DTAB   dodecyltrimethylammonium bromide
DDAB   didodecyldimethylammonium bromide

QCM-D   Quartz Crystal Microbalance with Dissipation function
TIRF   Total Internal Reflection Fluorescence

SFA    Surface Force Apparatus

MASIF    Measurement and Analysis of Surface Interaction Forces
AFM    Atomic Force Microscopy

NMR    Nuclear Magnetic Resonance
CryoTEM    Cryogenic Transmission Electron Microscopy

DLVO theory   Derjaguin-Landau-Verwey-Overbeek theory of colloidal stability

SPP    (bulk) surfactant packing parameter
sSPP    surface surfactant packing parameter

EMA    effective media approximation
DA    degree of deacetylation
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Appendix:

Determination of the optical adsorbed amount
of optically heterogeneous adsorbed layers

Introduction

The optical response, which is generated by the adsorption of a thin film, is determined by the
optical thickness of the film. Optical thickness is a product of the films thickness and the
difference between the refractive indexes of the film and the ambient medium. From the
optical thickness one can calculate an adsorbed amount from de Feijters formula:1

† 

G =
df (N f - Na )

dN /dc
,            (A-1)

where df is the thickness of the film, Nf is refractive index of the film, Na is refractive index of
ambient medium and dN/dc is refractive index increment of the adsorbate in the solvent.

If the layer consist of two components with different optical properties, then we need to know
the effective refractive index increment of the heterogeneous adsorbate in order to calculate
the adsorbed amount from the optical thickness. The determination of the effective refractive
index increment can be complicated by the continuous change of the layer composition due to
proceeding adsorption of one of the components. An example of this process is the adsorption
of sodium dodecylsulfate (SDS) onto the pre-adsorbed layer of chitosan at silica substrate
from solutions with stepwise increasing SDS concentrations (Paper IV). This problem of the
refractive index increment can be neglected by using constant refractive index increment
equal to that of the pre-adsorbed component,2-4  in our case chitosan. However, the refractive
index increment is expected to decrease with the proceeding adsorption of SDS with a
refractive index increment of 0.12 cm3/g, which is significantly lower than the dn/dc of
chitosan, 0.18 cm3/g. A simple way to account for that is to estimate the effective refractive
index increment at each adsorption step as a volume average of the refractive index
increments of the components. We propose a new method, which is based on Bruggeman
effective medium approximation. In the following, we explain the application of the methods
on the evaluation of the ellipsometric data corresponding to heterogeneous SDS/chitosan
layers. The original data for SDS adsorption to pre-adsorbed chitosan on silica in 30 mM
NaNO3 at pH 4 are shown in Figure A-1.
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Figure A-1. Stepwise adsorption of SDS on a pre-adsorbed chitosan layer. Arrows with the abbreviation ch
show addition of chitosan from a 20 ppm solution onto the silica substrate and the letters r show rinsing with a
polymer/surfactant free NaNO3 solution. The fraction of CMC of SDS is then continuously increased from 0.02
times CMC to 1.0 time 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.

Methods

A-1. Refractive index increment calculated as a volume average of the refractive index
increments of components

At each SDS concentration, the effective refractive index increment, dN/dc, is calculated as:

† 

dN /dc = fSDS *(dN /dc)SDS + fCH *(dN /dc)CH ,            (A-2)

where fSDS is the volume fraction of SDS in the layer, fCH is the volume fraction of chitosan in
the layer, (dN/dc)SDS is the refractive index increment of the SDS and (dN/dc)CH is the
refractive index increment the chitosan. The volume fractions of SDS and chitosan can be
obtained from the corresponding weight fractions:

† 

wSDS =
G - GCH

G

wCH =
GCH

G
=1- wSDS

fSDS =
wSDS /rSDS

wSDS /rSDS + wCH /rCH

fCH =1- fSDS

           (A-3)

where wSDS is the weight fraction of SDS in the layer, wCH  is the weight fraction of chitosan in
the layer, G is the total adsorbed amount, GCH is the amount of chitosan in the layer, rSDS is the
density of SDS and rCH is the density of chitosan.
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In a region before maximum adsorption has been reached, the total adsorbed amount increases
due to adsorption of SDS. The weight fraction of SDS is increasing as:

† 

wSDS =
(G - GCH -start )

G
,          (A-4)

where GCH-start is the adsorbed amount of chitosan before addition of SDS. The assumption that
no chitosan desorbs is supported by the data reported the paper of Dedinaite et al.5

The calculation of the adsorbed amount  is an iterative procedure. We begin with the adsorbed
amount G0

 calculated with a uniform refractive index increment equal to 0.18 cm3/g, which is
valid for chitosan layers. With the value of G obtained, we calculate the effective refractive
index increment. The corrected adsorbed amount is then given by:

† 

G I = G0 * (dN /dc)CH

(dN /dc)I .                                (A-5)

For the next iteration, the corrected adsorbed amount is used in the calculation of dn/dc.

† 

G II = G0 * (dN /dc)CH

(dN /dc)II .          (A-6)

About three iterations were necessary until the value of the adsorbed amount converged.

A-2. Refractive index increment calculated from the relation based on the Bruggeman
effective medium approximation.

Dielectric properties of composite materials depend on the optical properties of the
components and on a detailed microstructure of the composite material. For randomly mixed
aggregates one can use Bruggeman effective medium approximation.6 It can be applied for
structure containg aggregates with dimensions << l (the waveleght of the light), which is
fulfilled by the SDS/chitosan system, since the size of the micellar aggregates is in the
nanometer range, and under the assumption of only dipole-dipole interactions between the
components. The assumption of only dipole-dipole interactions can be questioned for the case
of the SDS/chitosan complexes, which are formed by association of the oppositely charged
species. Then the dielectric constant of the composite material can be calculated from
relation:

† 

F(e1,e2,e) = f1
e1 -e

e1 + 2e
+ f2

e2 -e
e2 + 2e

= 0           (A-7)

where e is dielectric constant of the composite material, e1 and e2 are dielectric constants of
components and f1 and f 2 are the volume fractions of corresponding materials in the
composite.
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Derivation of relation for the effective refractive index increment:

Our aim is to obtain relation for refractive index increment of the composite material, when
the known parameters are: volume fractions of its components, refractive indexes of its
components and refractive index increments of components.

By derivation of the equation A-7 with respect to concentration we get:

 

† 

dF
dc

= e ¥ f1

de1

dc
(e1 + 2e)2 + f2

de2

dc
(e2 + 2e)2

Ê 

Ë 

Á 
Á 
Á 

ˆ 

¯ 

˜ 
˜ 
˜ 

-
de
dc

¥ f1
e1

(e1 + 2e)2 + f2
e2

(e2 + 2e)2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ = 0                  (A-8)

The relation A-8, which is valid for dielectric constants and dielectric constant increments,
can be rewritten for refractive indexes and refractive index increments taking use of the
relations between dielectric constants and refractive indexes:

† 

e = N 2

e1 = N1
2

e2 = N2
2

          (A-9)

where N is the effective refractive index  of the heterogeneous layers and N1 and N2 are the
refractive indexes of the components 1 and 2. The effective refractive index N  can be
calculated using the Bruggeman effective medium approximation (A-7) employing relations
(A-9).

We assume a linear dependence of the refractive index on the concentration:

† 

N1 = Nb + c1
dN1

dc1

N2 = Nb + c2
dN2

dc2

         (A-10)

where dN1/dc1 is the refractive index increment of component 1, dN2/dc2 is the refractive index
increment of component 2. Moreover, it is also valid that

† 

c1 =
m1

m1 + m2

c = w1c

c2 =
m2

m1 + m2

c = w2c
         (A-11)

where w1 and w2 are the weight fractions of the components 1 and 2.
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Then from eq. (A-9) and (A-10) and (A-11):

† 

de
dc

= 2N dN
dc

de1

dc
= 2N1

dN1

dc
= 2N1w1

dN1

dc1

de2

dc
= 2N2

dN2

dc
= 2N2w2

dN2

dc2

         (A-12)

and by substitution of relations (A-9) and (A-12) into the equation (A-8) it is possible to
obtain the relation for the effective refractive index increment, dN/dc:

† 

dN
dc

=

f1A ¥ N N1( )w1
dN1

dc1

Ê 

Ë 
Á 

ˆ 

¯ 
˜ + f2B ¥ N N2( )w2

dN2

dc2

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

f1A + f2B
,          (A-13)

where

† 

A =
N1

2

(N1
2 + 2N 2)2

B =
N2

2

(N2
2 + 2N 2)2

If we assume that the SDS/chitosan complexes do not desorb before the optical thickness start
to decrease, then we can calculate the amount of SDS adsorbed to pre-adsorbed layer at each
of SDS concentrations. If this assumption is not valid and some complexes desorb even
before the point at which we observe a decrease in the optical thickness, then we will
underestimate the amount of adsorbed SDS.

The calculations are done self-consistently. To be able to determine refractive index
increment from equation A-13, we need to enter the weight fractions and the volume fractions
of SDS and chitosan, which can be calculated from their adsorbed amounts. The adsorbed
amount of the pre-adsorbed chitosan is known, while the adsorbed amount of SDS must be
estimated. The estimation is good, if it is self-consistent. The condition of self-consistency is
that the sum of the adsorbed amount of the chitosan and the estimated adsorbed amount of
SDS equals to the adsorbed amount, which can be obtained from the known optical thickness
of the composite layer. In de Feijters formula, the effective refractive index increment
corresponds to the estimated composition according to the equation A-13.
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Results

Comparison of the refractive index increments obtained by different methods

It is shown in Figure A-2 that the effective refractive index increments obtained using the
effective media approximation method is significantly lower than the volume average of the
refractive index increments of the components at each layer composition. This leads to
important differences when the adsorbed amounts are calculated from de Feijters formula.
The adsorbed amounts of mixed SDS/chitosan layers were calculated using different methods
and the results are shown and discussed in the chapter 4.4.

Figure A-2: Refractive index increment calculated as the volume average (Œ) and from the Bruggeman
effective medium approximation (¢) for different fractions of SDS in the chitosan/SDS complexes.
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