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that, by altering the buffer pH, the region of lowest protein adsorption on the surface could be
moved laterally. The swelling has similarly been shown to respond to both changes in pH and
ionic strength. Additionally, the arise of surface charge and the polymer swelling in solution, both
a consequence of the ionisation of fixed charges on the polymer, have been indicated to occur at
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The studied polymer systems show promising properties for future applications in, for example,
the biosensor area, where the surface chemistry can be tailor-made to work optimally in a given
environment. 



Abstract
In this work, a gradient of interpenetrating polymer networks, consisting of an-
ionic and cationic polymers, has been investigated with respect to protein re-
sistant properties and swelling characteristics at different pH and ionic strength
conditions.

The swelling and protein adsorption have been studied using in situ spectro-
scopic ellipsometry(SE) and imaging surface plasmon resonance(iSPR) respec-
tively. It has been shown that, by altering the buffer pH, the region of lowest
protein adsorption on the surface could be moved laterally. The swelling has
similarly been shown to respond to both changes in pH and ionic strength. Addi-
tionally, the arise of surface charge and the polymer swelling in solution, both a
consequence of the ionisation of fixed charges on the polymer, have been indicated
to occur at different buffer pH.

The studied polymer systems show promising properties for future applica-
tions in, for example, the biosensor area, where the surface chemistry can be
tailor-made to work optimally in a given environment.
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1Background

1.1 Introduction

Ultra thin polymeric films are used in areas from biosensors to biomaterials as
protein resistant coatings[1, 2]. These coatings are necessary to minimise the
unspecific interaction of proteins with surfaces, which may otherwise induce false
signals in biosensors and cause implant failure of biomaterials. One polymer
that has been shown to minimise this unspecific interaction is poly(ethylene
glycol)(EG), but has the disadvantage of being oxidatively and enzymatically
degraded in vivo[3]. Alternatives to poly(EG) are zwitterionic and amphoteric
polymers, which carry both anionic and cationic charges but have a zero net
charge[4]. This work investigates the properties of polyampholytic coatings made
at different relative concentrations of anionic and cationic polymers in a surface
gradient. This type of polymapholytic coatings have previously been shown to
possess protein resistant properties in the region of charge neutrality[5].

The polymers in this project are weak polyelectrolytes, and thus change their
charge ionisation degree depending on solution pH and ionic strength(IS). By
mixing two oppositely charged polymers in a gradient, it was hypothesised that
the region of charge neutrality could be laterally controlled by altering these
parameters. This has been investigated by studying the polymers’ swelling and
protein adsorption characteristics. The swelling behaviour is further influenced
by the distribution of the anionic and cationic polymers, and thus information
regarding the elasticity of the network induced by crosslinks, can be attained[6].
The gradient format enables high throughput investigation of different surface
chemical compositions on a single substrate[7].

The investigation of polymer extension in solution demands experimental
techniques allowing for measurements in situ, as well as being able to resolve
the low contrast between the extended polymer and the solution. Spectroscopic
ellipsometry(SE) has previously been used to study the extension of polymeric
films and capsules in solution[8, 9, 10]. SE measures two quantities, ∆ and Ψ,
over a wide range of wavelengths, enabling the determination of both the thick-

1



ness and the refractive index of the sample simultaneously[11]. In this project,
in situ spectroscopic ellipsometry has been the main technique in characterising
the swelling of these gradient systems.

1.2 Aim

The aim of this master’s thesis has been to investigate the swelling behaviour
of hydrogel gradients with primarily in situ spectroscopic ellipsometry(SE) and
to evaluate the applicability of this technique for this purpose. The hydrogel
gradient swelling was thought to depend on environmental factors, such as pH
and IS of the solution, and this was to be evaluated with SE and quartz-crystal
microbalance with dissipation(QCM-D). Unspecific protein adsorption was to be
studied with imaging surface plasmon resonance (iSPR). The main focus has been
on investigating how the polymer film responds to environmental stimuli, such as
change in pH and ionic strength, and how this influences the swelling and protein
adsorption characteristics.
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2Theory

2.1 System description

In this section an introduction to the surface chemistry and the fabrication tech-
nique is given in a step-wise manner. A schematic illustration of a typical sample
is shown in Fig:2.1. The substrate is first covered with a self assembled monolayer
(SAM). A homogenous polymer layer is then assembled by graft polymerisation
of an anionic(or cationic) monomer. The second layer, the gradient, is poly-
merised using an oppositely charged monomer. The result is a polymer film with
a gradual change in thickness and surface properties.

2.1.1 Self Assembled Monolayer

In order to covalently attach the polymer film to the substrate, some form of
anchoring molecules are needed. In this work, a SAM is used for this purpose.
The chemistry of the SAM depends on the substrate. Thiol groups interact
extremely strong with gold in an almost covalent manner and silane groups bind
covalently to hydroxyl groups exposed on silica(SiO2). These surface covering
techniques have been well investigated and are used within this project to provide
a link between the substrate and the polymer. The mechanism of the monolayer
formation will not be described in detail and the reader is referred to a review
on the subject [12].

The silane used was γ-methacryloxypropyltrimethoxysilane(MPS). MPS is
commonly used as an anchoring molecule for acrylamide gels on silicon and glass

2nd Polymer (gradient)

Substrate
Monolayer
1st Polymer

Figure 2.1: Schematic illustration of the different layers building up the system.
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surfaces. Silanisation transforms the silica surface from hydrophilic to hydropho-
bic, and have an acrylate functionality that can provide a handle for the polymer
film(see Sec:2.1.3). On gold substrates, a HS-UDA-methylterminated poly(EG)
thiol was used. This thiol has previously been used for the purpose of anchoring
hydrogels to gold surfaces[13]. The chemical structures of the silane and the thiol
are shown in Fig:2.2, and a schematic illustration of the monolayer formation
process is illustrated in Fig:2.3.

(a) (b)

Figure 2.2: Molecular structure of (a)MPS and (b)HS-UDA-mpoly(EG).

2.1.2 Polymers and polymeric films

A polymer is a macromolecule consisting of a chain of repeating subunits, called
monomers. The properties of the polymers depend on the nature of the monomer.
They are further classified by whether different monomers build up the polymer
and in which composition they are assembled[6]. Polymers may consist of a single
type of monomer, or of multiple monomers mixed in either an ordered or a random
fashion. In this project the monomers are polymerised one at a time. This results
in a film which can be described as an interpenetrating polymer network(IPN)[5],
the different polymers will be intertwined and covalently attached but mainly
consist of a single type of monomer.

The monomers in this work are either anionic or cationic, resulting in a more
or less hydrophilic polymer due to the hydrogen bonding capabilities of the fixed
charged groups. A hydrophilic polymer immersed in water is commonly referred
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(a) Silica oxygen on the substrate interface reacts with the silicon on the silane through a
elimination reaction expelling a methoxy group . In addition bonds are also being formed
in between silane molecules resulting in a monolayer covering the surface.

(b) The thiol-gold interaction is among the strongest non covalent interaction there is. A
clean gold surface left for a prolonged time, typically 24h, in a thiol solution will be covered
by a highly ordered thiol monolayer.

Figure 2.3: Schematic illustration of monolayer formation with (a)MPS on silicon and
(b)schematic thiol on gold

to as a hydrogel[6], and will expand to a certain degree in solution relative to its
dry volume. The swelling of a hydrogel is counteracted by the elastic resistance to
expansion introduced by crosslinks in the polymer network[14]. Polymeric films
have gained a lot of attention for their usability in a wide range of applications
such as in biomaterials[15], adhesives[16] and surface coatings for minimising
biofouling by marine organisms[17].

Polymers made up by ionic monomers are called polyelectrolytes, and can
be further categorised as either strong or weak. The difference being whether
the charged groups are always ionised(strong polyelectrolytes), or depend on en-
vironmental factors such as pH and IS(weak polyelectrolytes). In this project,
weak polyelectrolytes were studied. They may change their fixed charge ioni-
sation degree depending on environmental factors, such as pH, IS and tempera-
ture[18, 19, 14]. The polymer’s fixed charge ionisation degree will in turn regulate
important hydrogel characteristics such as hydrophilicity.

The IS depends on the total ion concentration of the solution and also on the
charge of the individual ions, see Eq:2.1.

IS = 1
2

n∑
i=1

ciz
2
i (2.1)
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(a) (b)

Figure 2.4: Schematic representation of the nature of the polymer film. (a) Represents
the brush conformation and (b) the bush conformation. Adapted from[20].

Where IS is the ionic strength of the solution, ci is the concentration of ion i and
zi is the charge valency of ion i. It follows that for monovalent ions like NaCl the
IS is simply the concentration of the ion.

By mixing two oppositely charged polymers in a concentration gradient,
charge neutralisation can occur under certain conditions[5]. The film may then
be referred to as polyampholytic. As opposed to a polyelectrolyte in which
the charges carry equal signs, polyampholytes have balanced charges. Polyam-
pholytes respond differently than polyelectrolytes to changes in pH and IS[19].

2.1.3 Photoiniated graft polymerisation

Polymerisation of monomers can be achieved in multiple ways. To start the
polymerisation, an initiating stimuli is often needed. This work describes photo
initiated polymerisation of acrylates and methacrylates by UV radiation and
the polymerisation proceeds by free radical grafting. Radicals are formed either
through the cleavage of the carbon-carbon double (vinyl) bond of the acrylate
group, or by excitation of the monomer, whereby sufficient energy is gained to
abstract a hydrogen atom from the substrate or other monomers[21, 22]. The
radicals formed will start off a chain reaction combining monomers and, in a step
wise-manner, build up a polymer network. The process is halted when a radical
combines with another radical or an oxygen molecule. The overall process will
continue until either the monomers are depleted or the UV source is turned off.

The proceeding polymerisation during UV exposure have further been shown
to be counteracted by photodegradation of the already formed polymer net-
work[23]. This is important for the system studied here, as one polymer is grafted
on top of another. Therefore, the second layer may not only be grafted with the
first layer but also, to some extent, replace it.

In order to describe the resulting polymer structure, two terms: brush and
bush may be used[20]. The brush conformation has the polymeric backbones
protruding out from the surface in a compact configuration resembling a brush.
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The bush structure, on the other hand, has a crosslinked network of polymer
backbones pointing in random directions. The fabrication method applied in this
work is argued to result in a branched network of the bush conformation[20]. The
two structures are schematically illustrated in Fig:2.4.

The background to the different polymer structures is found in alternate poly-
merisation mechanisms. For the brush conformation to occur, polymerisation is
initiated only at the surface with the subsequent adding of monomers[20]. This
is most often controlled by a photo sensitive initiator molecule attached to the
surface. The bush situation presumes a more flexible polymerisation mechanism,
including radical formation on the polymer backbone, which have been shown to
occur during UV polymerisation of acrylates[22]. This will result in branching
and crosslinking of the polymer network. The drawback of this type of unselective
radical formation is the difficulty in controlling the resulting polymer character-
istics, care must also be taken to remove any unbound intertwined polymers from
inside the film. There is, however, a gain in flexibility in the choice of monomers
and substrates[20].

2.1.4 Polymer gradient fabrication

Photo initiated polymerisation occurs only in UV illuminated areas on the sub-
strate and, by varying the exposure time using a moving shutter, a gradient can
be formed[20]. The length and thickness of the resulting gradient will depend on
the speed of the shutter, irradition time and monomer concentration. The set-up
used in this work is illustrated in Fig:2.5.

Gradients of varying types have gained a lot of attention for their ability
to enable high throughput analysis by gradually changing the surface chemistry
on a single substrate. A gradient enables an experiment that traditionally would
require numerous samples, to be simultaneously analysed. Beside the time saving
aspect one also minimises the problem of inhomogeneity among samples[7].

Figure 2.5: Schematic overview of the set-up used for gradient formation. The same
set-up, without the shutter, was used to fabricate the homogenous first polymer layer.
The substrate is held into place by surface tension underneath a quartz crystal. Not
drawn to scale.
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(a) (b)

(c) (d)

Figure 2.6: Chemical structure of monomers. (a) MAA (b) DMAEMA (c) CEA (d)
AEMA

2.1.5 System 1 - MAA and DMAEMA

The monomers constituting system 1 are methacrylic acid(MAA) and 2-dimethylamino
ethylacrylate(DMAEMA). MAA is an anionic monomer with a carboxylic acid as
its functional group. The DMAEMA, on the other hand, is a cationic monomer
and a tertiary amine. poly(DMAEMA) is less hydrophilic in its uncharged form.
In this state, it has low hydrogen bonding capabilities. The molecular struc-
tures of the two monomers are illustrated in Fig:2.6. The components polymerise
readily without the need for an initiator in the described method (see Sec:2.1.3).

For the continuing discussion, system 1 is divided into system 1a and 1b.
This to distinguish between whether MAA, or DMAEMA, is first or second layer.
System 1a refers to poly(MAA) being the first layer and poly(DMAEMA) the
second layer. The system 1b describes the inverse case with poly(DMAEMA)
as homogenous first layer and poly(MAA) as second layer. The reason it is
interesting to investigate both of these set-ups is that it might give information
about whether they behave differently when first or second layer. It may also
give information regarding how the two different polymer backbones are mixed
during grafting and to which extent they are crosslinked.

2.1.6 System 2 - CEA and AEMA

System 2 consists of carboxyethyl acrylate(CEA), which is an anionic monomer
with a carboxylic acid as a functional group and 2-aminoethyl methacrylate(AEMA),

8



which is cationic, but, as opposed to DMAEMA, is a primary amine. System 2
has previously been demonstrated to have interesting protein resistant proper-
ties[5]. The monomers are also polymerised easily by the mentioned method
(see Sec:2.1.3). The molecular structures of the monomers are illustrated in
Fig:2.6. Similarly as system 1, system 2 is also divided into two. System 2a
refers to poly(AEMA) being the first homogenous layer and poly(CEA) the gra-
dient. System 2b is the inverse case, with poly(CEA) as homogenous first layer
and poly(AEMA) as gradient.

2.2 Polymer extension in solution

Polymer swelling is an important parameter to investigate in order to understand
the polymer behaviour in different environments[6]. Many thermodynamic mod-
els have been proposed for the extension of polymer networks in solution, with
the initial work done by Paul J. Flory in the fifties[24]. His work on polymers
later rewarded him a Nobel Prize in chemistry 1974. This initial theory has been
continuously developed, and has been extended to include ionic polymer brushes
in aqueous solution of different pH and ionic strength(IS)[25, 26]. Usually, the
parameters considered are volume fraction of the polymer, polymer-solvent inter-
actions, molecular weight of the polymer and an ionic term, including the pKa

of the functional groups.
The expansion of a polymer network is dependent on the compatibility of

the polymer and the solvent, and also on the degree of crosslinking[24]. For
polyelectrolytes, the ionisation degree of fixed charge groups is a major driving
force for the swelling[14]. The ionisation of the functional groups on the poly-
mer, result in the inflow of oppositely charged counter ions from the solution
in order to neutralise electrostatic repulsions. This induces an osmotic pressure
which is equalised by more solvent being drawn into the hydrogel(see Fig:2.7).
The swelling will be counteracted by strain in the polymer backbone. Swelling
equilibrium is reached when these two forces are in balance[24, 14].

The swelling kinetics depend primarily on the diffusion rate of solvent and
mechanical rearrangements of the polymer backbone[27, 10], as well as on the
diffusion rate of the buffer[14]. These factors result in a two stage swelling, a
rapid first step in which water quickly enters into the bulk, and a slower stage in
which rearrangements in the polymer backbone slowly allow more solvent to be
absorbed over time until equilibrium is reached.

2.2.1 Influence of pH

As mentioned in the previous section (Sec:2.2), the (de)protonisation of (car-
boxylic) amine groups is a driving force for swelling[14]. The ionisation of the
fixed charge groups is partly governed by the pH of the solution. The pKa of
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the fixed charges indicates at which pH half of the charges are ionised. Swelling,
however, often occurs at a shifted pH from the theoretical pKa of the functional
group. It has been suggested that the pH inside the polymer film may differ as
much as two units compared to that of the solution. This phenomenon is argued
to arise from resistance of the polymers to be charged as this leads to a raise in
free energy and strong electrostatic repulsions between similar fixed charges[25].
If the IS of the solution is high, this effect is less significant as in this case high
amounts of counterions are available to neutralise, or screen the charges.

2.2.2 Influence of Ionic Strength

The IS of the solution is important to take into account while studying the
swelling behaviour of polymeric films, as it will influence to what extent charges
are screened on the polymer[25]. This leads to the necessity to differentiate
between polyelectrolytic and polyampholytic gels. That is, whether the fixed
charges have equal or opposite signs, including their relative concentrations. A
study on polyeletrolytic brushes concluded that for low IS, the ions play two dif-
ferent parts[25]. Besides regulating the net charge of the polymer, they will also
minimise electrostatic repulsion by screening. In both cases, this leads to an os-
motic pressure induced swelling. However, when IS is high, a complete screening
of the charges within the film occurs, and charge regulation is unnecessary[25].
When the IS is heightened the polymer collapses as the osmotic pressure will be
minimised due to a lower counterion concentration difference over the polymer-
ambient interface[28].

For polyampholytic gels, where the charges are completely or almost balanced,
the IS will influence the swelling by other mechanisms. When the fixed charges

Figure 2.7: Swelling phenomena of a polymer in buffer solution. Adapted from [14].
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are attractive, screening induces swelling[19]. Polyampholytic gels do not collapse
upon high IS, but continues to expand as the IS is increased.

2.3 Protein adsorption on polymeric films

Surface chemistries that resist protein adsorption are interesting in a number of
different areas, including minimising unspecific protein adsorption in biosensors
and by improving biocompatibility of materials[15]. For polymeric brush surfaces
two general types of protein adsorption has been presented and are referred to as
primary and secondary adsorption[1]. Proteins that are small enough to diffuse
through the polymer film and adsorb directly to the substrate undergo primary
adsorption. Larger proteins, however, are more susceptible to undergo secondary
adsorption, which means that they instead will adsorb at the polymer-ambient
interface. A second type of primary adsorption was also proposed in which a
protein may adsorb to the substrate through compression of the polymer. In
this project, the hydrogel is in the bush configuration, as previously argued (see
Sec. 2.1.3), and the possibility of proteins diffusing to the surface is probably
limited[20].

The unspecific adsorption of proteins to surfaces is influenced by both en-
thalpic and entropic processes[29]. Enthalpic processes include electrostatic, hy-
drophobic and Van der Waals interactions. Electrostatic interaction simply im-
plies that two oppositely charged species attract, and similar charged species
repels. In this project, this aspect of protein adsorption is the major concern.
Hydrophobic interaction means that, in a hydrophilic solvent, hydrophobic parts
in, for example, the protein core, attract other hydrophobic species to minimise
the amount of ordered solvent molecules, thus minimising the loss of entropy.
On a hydrophobic surface, proteins often adsorb by exposing their hydrophobic
core. Van der Waals interactions results from induced dipole moments between
two otherwise uncharged species.

Entropically driven processes that favour protein adsorption decreases the
overall order of the system. Water molecules, or ions, surrounding proteins and
surfaces have lower entropy than those in the bulk, and through adsorption of
a protein to a surface, an entropy gain can be achieved through the breakage of
these ordered layers[29]. Additionally, rearrangements in the polymer film and
in the protein conformation, resulting in a more flexible structure, also favours
protein adsorption through a gain in entropy. In fact, one of the major reasons
for the protein resistance of poly(EG) has been attributed to its in solution highly
flexible conformation, making it unfavourable to become associated to a protein
surface. The protein resistant properties of polyampholytic surfaces have been
argued to be due to their low structuring of water layers[4].

Another aspect lies in the nature of the protein studied. Proteins can possess
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many different structural properties such as size and flexibility[29]. Small, firm
proteins are thought to interact mainly through electrostatic interactions, while
for larger flexible proteins, it is also important to consider conformational changes
and hydrophobic interactions[30].

2.4 Experimental Techniques

2.4.1 Imaging Spectroscopic Ellipsometry

Ellipsometry is an optical method used to characterise surfaces and thin films
on reflective substrates. It is based on the principle that the polarisation of
light changes when interacting with matter. The ellipsometer measures both the
change in phase and relative amplitude of the electric vector components of the
light. This phase and relative amplitude change is then related to the optical
properties and the thickness of the sample[11]. By using a CCD as detector, it is
possible to gain a lateral resolution.

Light is an electromagnetic wave and thus contains both an electric and a
magnetic component. When discussing polarisation in this section, the electric
vector is considered. Furthermore, it is important to define a coordinate system
that is relevant, and commonly used is the p and s notation. p-polarisation means
parallel, and s-polarisation perpendicular(”senkrecht” in german), to the plane of
incidence. The light is then described by a superposition of these two polarisation
vectors.

The optical components of the ellipsometer are illustrated in Fig:2.8. The
polariser and analyser are optically equivalent and linearly polarise the light. The
compensator, or retarder, has a fast and a slow axis and induces a phase shift
between the p and s components, changing the incident linearly polarised light
to elliptically polarised light. The fast axis of the compensator has a width an
integer of the light’s wavelength and thus needs to be altered for every wavelength
in the case of spectroscopic ellipsometry(SE)(measuring over many wavelengths).
The angles of the polariser, analyser and compensator are given from the plane
of incidence.

There are a number of different ellipsometers available and they work by
slightly different principles. The ellipsometer used in this work is a nulling el-
lipsometer and elucidate the ellipsometric angles, ∆ and Ψ, by finding the null
condition. ∆ and Ψ describe the phase shift and relative amplitude of the s and
p component of the light respectively. The working principle of the nulling ellip-
someter is that the polariser and compensator create a polarisation of light that
becomes linearly polarised after reflection, and might thus be completely extin-
guished by the analyser. The compensator in this work is of the sort quarter-wave,
and have the fast axis set to π/4. There are two positions for the polariser(P )
and analyser(A) for the null condition. Namely, P1, A1 and P2,A2, related to
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each other and to Ψ and ∆ by Eq:2.2[11].

P2 = ±P1, A2 = A1, Ψ = A1, ∆ = 2P1 + π

2
(2.2)

By measuring angles instead of intensity, one avoids the problems with un-
linearity in the intensity of the light source, as well as the detector, for different
wavelengths. By measuring spectroscopically, it is possible to simultaneously de-
termine the refractive index as well as the thickness of the sample[11]. This is
important in this work as the polymer, upon swelling, will be mixed with liquid
lowering its refractive index while increasing its thickness.

The ellipsometric angles can be determined very accurately but experimen-
tal errors can never be avoided. The exact angles for the polariser and analyser
can, for example, never be found. However, by performing zone averaging, one
can minimise or even completely eradicate systemic errors arising from optical
components of the ellipsometer, as well errors induced by windows of the flow
cell[11]. In addition to the two nulling conditions described in Eq.2.2, the com-
pensator can shift the fast axis to −π/4 and two additional nulling conditions
can be found. An average over these four ∆ and Ψ pairs are then used in the
data evaluation.

Modelling of SE data

When measuring ellipsometry one is not primarily interested in the ellipsometric
angles, ∆ and Ψ, but in physical properties of the sample, such as thickness or
refractive index. To attain these, modelling of the data is necessary. The Fresnel
formulae are used to calculate the optical properties and the thickness of the
sample. The Fresnel coefficients, rs and rp, are calculated as the ratio of the

Figure 2.8: Schematic view of the ellipsometer. The coordinate system is given by the s
and p notation. The angles, or the settings, for the polariser, analyser and compensator
are given from the plane of incidence, and are indicated by dashed arrows. Adapted from
[11].
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electric field amplitudes of the incident and reflected light, and related to ∆ and
Ψ by Eq:2.3. This gives detailed information of multilayered samples as long as
sufficient contrast in the form of different refractive indices and thicknesses exists
between layers[11].

rs ≡ Ers

Eis
, rp ≡ Erp

Eir
,

rp

rs
= tan Ψei∆ (2.3)

In order to model the data, the sample needs to be ascribed certain properties.
The fitting procedure is iterative and its important to reach the global minimum.
Many local minima in these types of problems exists. Therefore, one needs to be
able to guess the properties of the sample to limit the fitting between reasonable
values for, for example, the refractive index and the thickness. For an organic film,
such as a polymer, the sample can be assumed to be isotropic, almost transparent
and the refractive index wavelength dependent and thus be described by a Cauchy
function(see Eq:2.4) for the refractive index[11].

n = A + B

λ2 + C

λ4 (2.4)

Where n is the refractive index of the sample, A,B and C empirically determined
constants and λ the wavelength of the light. A similar relationship exists for the
extinction coefficient k.

When the sample is immersed in water, the refractive index of the film will
change and one way to account for this change is by applying an effective medium
approximation(EMA)[31]. An EMA describes the resulting refractive index upon
mixing of two different refractive indices. The EMA used in this work is the
Bruggeman EMA(see Eq:2.5) which is applicable to the whole mixing ratio be-
tween the host and the guest material, that is from 0% guest to 100% guest[11].

fh
ϵh − ϵ

ϵh + 2ϵ
+ (1 − fh) ϵg − ϵ

ϵg + 2ϵ
= 0 (2.5)

Where fh is the fill factor of the host material, ϵ the effective dielectric function
of the layer, ϵh the dielectric function of the host material and ϵg the dielectric
function of the guest material. ϵ is related to the complex refractive index by
Eq:2.6.

ϵ = N2 = (n + ik)2 (2.6)

Where ϵ is the dielectric function, N is the complex refraction index, n the
refraction index and k the extinction coefficient.

For buffers with high IS and protein solutions, it has been shown that the re-
fractive index changes and becomes higher than that of water[32]. A relationship
for correction of the refractive index is given by Eq:2.7.

nfluid = nw + I
dn

dI
+ c

dn

dc
+ (T − 32) dn

dT
(2.7)
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With nfluid is the effective ambient refractive index, nw the refractive index of
water, I the ionic strength, c concentration of protein, T temperature in °C.

The measure of fit between modelled and experimental data is given by the
mean squared error(MSE). A low MSE indicates a good fit, and high MSE, a
bad one. It is, however, important to be aware that the MSE can only be used
to relatively compare two fits and cannot independently confirm the model[11].
There is, therefore, a possibility to get a low MSE for a model that is incorrect.
The modelled parameters will also, then, be incorrect.

2.4.2 Quartz-Crystal Microbalance with Dissipation

Quartz-crystal microbalance with dissipation(QCM-D) is a mass sensitive tech-
nique, relating a change in resonance frequency of a quartz-crystal to a change
in mass. However, QCM-D also gives information about viscoelastic properties
of the sample through the dissipation. This discussion will first deal with the
nature of the frequency shift and then with the dissipation.

Quartz is a piezoelectric element, and thus changes shape upon application of
a voltage over the crystal, see Fig:2.9. The crystal is coated on both sides with
metallic electrodes over which the voltage is applied. The deformation of the crys-
tal becomes oscillatory when the direction of the voltage is rapidly altered. This
induces a wave through the crystal, and at certain oscillation frequencies reso-
nance occurs[33], see Eq:2.8. The measuring principle is that a mass change upon,
for example, adsorption to the crystal surface, induces a shift in the resonance
frequency related to that mass change. For a rigid thin film, the Sauerbrey rela-
tionship (see Eq:2.9) can be used to quantitatively obtain the mass[34]. QCM-D
can operate both in air and in liquid environments.

fn = vpn

2dq
(2.8)

Where fn is the resonance frequency, vp the phase rate, n the overtone number
and dq the thickness of the crystal.

∆f = −Sf ∆m (2.9)

(a) (b)

Figure 2.9: Schematic representation of the deformation of the quartz crystal upon
applying (a) static voltage and (b) altering voltage.Adapted from [33].
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Where f is the change in resonance frequency of the crystal, Sf is the Sauerbrey
constant, which is proportional to the square of the fundamental frequency and
increases with overtone number, and ∆m is the mass change of the film.

The dissipation describes the energy loss of oscillation. The decay in energy
is exponential, and can be obtained by measuring the time dependent amplitude
change of the wave after cancellation of the voltage[35]. Dissipation can occur
from internal resistance of the quartz, but more meaningful to this work is the
dissipation that occurs within a viscoelastic film on the crystal. Imagine a spoon
of jelly being shaken. The jelly does not come to a halt immediately after agitation
is interrupted. One could say that jelly has low dissipation. The dissipation
decreases with softness of the film, and a hard film thus has a high dissipation.
Through the dissipation, one can obtain viscoelastic properties of the sample.

Modelling of QCM-D data

In this project, the swelling of water absorbent polymers are studied, which do
not fulfil the demands of the Sauerbrey equation. Therefore, it is not possible for
a direct calculation of the mass adsorption or the film thickness due to hydration
of the polymer. Depending on how the film might be described, a Maxwell or
a Voigt model may be used to calculate thickness, viscosity and density of the
sample. A detailed description of a Voigt model is given in[37].

2.4.3 Imaging Surface Plasmon Resonance

Imaging surface plasmon resonance(iSPR) is a surface sensitive technique able to
detect changes in thickness or refractive index of thin films[38]. To understand

Figure 2.10: Schematic SPR set up. The prism is made of glass and the thin metal
film is usually gold.Not drawn to scale.Adapted from [36].
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the working principle, one has to describe the phenomenon of surface plasmons.
A surface plasmon is a charge density wave of the free electrons in a thin metallic
film[36], usually gold. Incident, totally reflected light, produces an evanescent
field that decays exponentially on the opposite side of the prism, and extends
through the thin metallic film (see Fig:2.10). The surface plasmon is excited by
the evanescent field, which, in turn, is influenced by refractive index changes of
the sample. The incident light can, under certain circumstances, be in resonance
with the surface plasmon, resulting in an intensity minimum of the reflected light.
The change in resonance condition, upon for example protein adsorption to the
metallic film, can be followed by measuring the intensity of the reflected light at
different angles of incidences(AOI), or wavelengths. Only p polarised light can
induce a surface plasmon.

Imaging SPR can be accomplished by using a charge coupled device(CCD)
to detect the reflected light. Every pixel is related to a point on the surface. It
is then possible to gain a lateral resolution and a 2D image of the sample. For a
detailed description of SPR and iSPR, see [36].
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3Materials and Methods

3.1 Monolayer formation

Ellipsometry measurements were made on silicon(P/Boron/(100))(Okimetic) sur-
faces. For iSPR, glass slides coated with a thin gold film were used and for QCM-
D, AT-cut quartz crystals(QSX301 100nm gold, QSense). Prior to monolayer
formation, all surfaces were cleaned in five parts Milli-Q water(MQ, Millipore),
one part ammonia(25%, Merck) and one part hydrogen peroxide(30%, Merck) at
85°C for five minutes in order to remove any organic contaminations.

On silicon substrates the silane monolayer was formed by incubating the sur-
faces in a mixture of 5ml 95% Ethanol, 5ml MQ water, 4µl acetic acid and 40µl
MPS(PlusOne BindSilane, Amersham Bioscience) for 5 minutes. The surfaces
were then blown dry in N2 gas, burned in 115°C for 10 minutes, ultra sonicated
for 10s to remove any unbound species, and finally stored in 95% ethanol. iSPR
and QCM-D surfaces were incubated in 100µM HS-UDA-mPEG(PolyPure AS,
Norway) ethanol solution for a minimum of 24h. Before use, they were ultra
sonicated for 10min to remove unbound multilayers, and washed three times in
95% ethanol.

3.2 Gradient fabrication

Polymerisation of monomers were made using a UV lamp (Philips TUV PL-L,
18W) with main emission peak at 254nm.

Monomer solutions were prepared from stock for all monomers as they were.
A volume of 6µl/cm2 was used for all surfaces. For gradient formation, the
moving shutter operated at a speed of 0.6mm/min and, in the majority of cases,
a relay system was used. This means that the shutter was halted at intervals
making a longer polymerisation time possible without prolonging the irradiation
area. The relay system was needed as the speed of the shutter could not be
further decreased. In some cases, preillumination was applied with the intention
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of increasing the steepness of the gradient. This means that the shutter was held
still for a certain time before the gradient formation was started.

3.2.1 System 1

In the ellipsometry measurements, silanised silicon was used as substrate. Monomer
solutions for system 1a were made as follows: MAA(99%, Sigma-Aldrich) was di-
luted in PBS pH 6.0 to a concentration of 5%(v/v) and DMAEMA(98%, Sigma-
Aldrich) was diluted in acetate buffer pH 4.5 to a concentration of 3%(v/v). MAA
was polymerised for 5 min and washed by ultra sonication for 5 min in PBS, to
remove any unbound species. The gradient was made using a moving shutter
at a speed of 0.6mm/min. For the pH dependent measurement, maximum UV
exposure time was 4 min, resulting in a 2mm long irradiated area and for IS
dependent measurement, a relay was used to make a 1mm irradiated area. The
correction of the irradiation length was made with the intention to fit the whole
gradient within the limits of the ellipsometer measurement area(see Fig:3.1a).
The surface was then washed by ultra sonication for 2min in MQ and then in a
1:2 blend of MQ and 95%ethanol for an additional 2 minutes and kept in MQ.

For system 1b ellipsometric measurements, the DMAEMA monomer solu-
tion concentration was 15%(v/v) with polymerisation time 5min. The surface
was washed as above after poly(DMAEMA) gradient formation. For the gradi-
ent formation, the MAA concentration was 1%(v/v) and the shutter speed was
0.6mm/min. Maximum UV-exposure time was 3min and using the shutter relay
resulted in a 1mm irradiated area. The surface was washed as stated above after
the first homogenous layer poly(MAA). The surface was stored in MQ.

For iSPR, thiolised gold SPR surfaces were used. The surface for system 1a
was made the same way as above with the gradient irradiation length 1mm.
System 1b was not measured due to difficulty in polymerising MAA as second
layer.

For the QCM-D measurements, only homogenous layers of the different poly-
mers was investigated since it is not possible to evaluate a gradient with this
technique. Both poly(MAA) and poly(DMAEMA) were made according to their
respective first layer formation protocols above.

3.2.2 System 2

Silanised silicon was used for ellipsometry measurements. For system 2a the
monomers, CEA(Sigma Aldrich) and AEMA (90%, Sigma Aldrich), were both
diluted in PBS pH 6.0. For poly(AEMA), as first homogenous layer, the monomer
concentration was 15%(w/v) and irradiation time 5 min. AEMA has a tendency
to undergo acyl migration when in contact with water. The monomer solution
was, therefore, used no longer than an hour after preparation. The surface was
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then ultra sonicated in PBS for 1min. CEA was polymerised at a concentration
of 1%(v/v) with a maximum irradiation time of 5min with 1min preillumination
and irradiation length 1mm. The surface was cleaned by ultra sonication in PBS
for 1min and stored in MQ.

System 2b was made at equal monomer concentrations and washing proce-
dures as stated above. Irradiation time for CEA was 5 min for the first layer.
The AEMA gradient was made with preillumination of 1 min and then 3 min
gradient formation using the relay, resulting in an irradiation length of 1mm.

For iSPR measurements, the concentrations and washing procedures was as
stated above, and for AMEA polymerisation the irradation time and gradient
formation were the same. For system 2a, the maximum irradiation time for CEA
as gradient was shortened to 3min with 1min preillumination and a gradient
length of 1mm. For System 2b, CEA was irradiated for 3min.

QCM-D measurements were made on surfaces prepared in the same way as
those used in the iSPR.

3.3 Buffer solutions

To evaluate the pH dependent swelling and protein adsorption, the following
buffers with pH values ranging from 4.3-8.0 were prepared. Acetate buffer(10mM
acetic acid, 10mM sodium acetate) was adjusted with 0.1M NaOH to pH 4.3.
2-(N-morpholino)ethanesulfonic acid (MES, Calbiochem) buffers at a concentra-
tion of 10mM and with a pH range of 5.3-7.2 were made and adjusted with
0.1M NaOH. Phosphate buffers(PB) (10mM sodium hydrogen phosphate, 10mM
potassium dihydrogen phosphate) were made in the pH range 6.1-8.0 adjusted
with 1mM HCl. All buffers used are tabulated in Tab:3.1.

Buffers to investigate the swelling’s dependence on IS were different for system
1 and 2. System 1 was investigated using MES buffer at pH 6.1 and system 2
with PB at pH 7.0(for IS below 100mM). The buffers were prepared by making
a large volume of adjusted buffer, removing a small part to make a 5M NaCl
stock that was then used to get NaCl concentrations of 5, 10, 50, 100, 500 and
1000mM. When the IS of the buffer is raised, the pKa of the buffer can change,
resulting in an altered pH. For MES buffer, no change in pH was detected, but
PB showed a drop in pH for higher IS > 500mM(see Tab:3.1).

3.4 Protein solutions

Protein adsorption was studied using iSPR. The proteins investigated were pepsin(MW
35kDa, Sigma Aldrich) and lysozyme (MW 15kDa, Sigma Aldrich) at a concen-
tration of 0.25mg/ml for system 1, and 0.5mg/ml for system 2. They were diluted
in the currently investigated buffer. Lysozyme has a protein isoelectric point(pI)
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Buffer c[mM] pH System
Acetate 10 4.3 1,2
MES 10 5.3 1,2
MES 10 6.0 1
MES 10 6.6 1
MES 10 7.2 1

(a)

Buffer c[mM] pH System
PB 10 6.1 2
PB 10 6.4 2
PB 10 7.0 2
PB 10 7.5 2
PB 10 8.0 2

(b)

Buffer c[mM] cNaCl[mM] pH System
PB 10 0 7.0 2
PB 10 5 7.0 2
PB 10 10 7.0 2
PB 10 50 7.0 2
PB 10 100 6.9 2
PB 10 500 6.6 2
PB 10 1000 6.4 2

(c)

Table 3.1: The different buffers used for investigating the pH and IS dependent swelling
and protein adsorption. (a) and (b) show buffers used in the evaluation of pH on the
swelling of the polymeric films. (c) show buffers used in the IS dependent swelling
experiments of system 2.

of around pH 9.3, and will thus be positively charged at pH below this. Pepsin,
on the other hand, has a pI around pH 3.2 and will, therefore, be negatively
charged in the whole pH range investigated. pI of lysozyme and pepsin were cal-
culated using Expasy compute pI/MW tool[39]. Their extreme pI values were the
main reason they have been chosen in this work, as protein adsorption through
electrostatic interaction is the main concern.

3.5 Experimental Techniques

3.5.1 Spectroscopic Ellipsometry

The in situ ellipsometric measurements were made on an EP3 imaging spectro-
scopic ellipsometer(Nanofilm Surface Analysis) using a flow cell with windows
at an angle of 60°to the plane of incidence. Measurements were collected at
40 wavelengths between 350-850nm. The buffer exchange was made with a peri-
staltic pump operating at a flow speed of 0.78ml/min and the total liquid volume,
including cell and tubing, was approximately 3ml. To change buffer, the pump
was switched on for 12 min, resulting in exchange of all liquid in the system three
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times. During measurements, the flow was halted.
The area which could be simultaneously measured on the substrate was 1.2 ∗

0.8mm2. This area was divided into smaller regions over which an average of ∆
and Ψ pairs were taken. These areas were divided in such a way that five parallel
gradients, in turn divided into 50 regions, could be measured on each sample.
When presenting data, only one of these gradients is shown but similar results
were seen for all five. A typical measurement area is shown in Fig:3.1a.

The samples were measured in the ambient order: air, MQ and then in buffers
starting from low towards high pH, or low towards high IS. A four-zone measure-
ment, as described in Sec:2.4.1, was made to collect data, with the assumption
that the system did not change significantly during the 50 min of measurement
time. This was previously tested, results not shown, and was also confirmed by
data from QCM-D. The only exception was poly(AEMA) which showed a slower
kinetic swelling response. However, QCM-D is very sensitive to rearrangements
in the bulk of the polymer, not necessarily resulting in a change in thickness [10].

On the accuracy of the model

The modelling was performed using Ep3.3 View software(Nanofilm Surface Anal-
ysis) and dispersion functions for silicon, silica and water were taken from an
internal database. Refractive index of the polymers was evaluated on the dry
film using a Cauchy function(see Eq:2.4). This is a simplification of the system
as the refractive index can be assumed to slightly differ along the gradient, due
to the fact that the chemical composition and the polymer density are gradually
changing. However, by introducing more parameters in each fit, the uncertainty
is increased as well as the complexity of interpretation. It was difficult to find
an unique solution for n, k and the thickness, which is a consequence of the film
being very thin[11]. The parameters then became correlated to some extent.
However, by comparing with tabulated values of refractive indices for the differ-
ent polymers, which lie around 1.5[40], an estimation can be made by altering the
refractive indices around this value to attain the lowest MSE. The final refractive

(a) (b)

Figure 3.1: (a)The measuring area of the in situ ellipsometer measurement and (b) the
different layers used in the modelling of the SE data.
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Figure 3.2: (a) Shows the index of refraction for the the two polymer systems studied
as well as correction for high IS 500mM and 1000mM. (b) Shows a simulation of ∆ and Ψ
values for different fractions of water mixed with the polymer and for different thickness
values ranging from 0-100nm. The difficulty in using ellipsometry for highly swollen films
is clearly illustrated as a large thickness change results in a very small change in the ∆
and Ψ angle values at high water content.

indices used for system 1 and 2 are shown in Fig:3.2a.
When the ambient is changed from air to liquid, the contrast between the

polymer and the ambient is lowered. For the swollen film, this is particularly
important to be aware of. This is illustrated in a simulation of how an increase
in water content of the polymer affects the refractive index of the polymer, see
Fig:3.2b. As the amount of water in the film is increased, the ∆ and Ψ shifts get
increasingly small over the thickness range of 0-100nm. The implication of this,
is that interpretation of the results from highly swollen polymer films should be
made with care.

Standard deviation for modelled film thicknesses was given by the software.
In air, the uncertainty ranged between 0.1-0.2nm. In water, and for the swollen
film, the error was increased to between 3-5nm. MSE values for the fit in air
was between 1-2, and for the hydrated film between 2-5. Bruggeman EMA(see
Sec:2.4.1) was used to account for the refractive index change due to mixing of
liquid with the polymer. Constraints on the refractive index change are auto-
matically inserted, ranging from that of the polymer in air to that of pure water,
see Fig:3.3. The limitation of applying a single layer EMA to account for this
change, is that it assumes that the polymer refractive index is not altered in
the direction to the surface normal. This is another simplification, the polymer
density is probably higher close to the substrate and more flexible and diluted in
the proximity of the ambient[8]. The degree of crosslinking is argued to influence
the polymer distribution along the surface normal[9], but as this is not known,
its difficult to motivate a more complex model. However, the low MSE values
that were attained is an indication that the approximation holds some validity.
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Figure 3.3: The change in refractive index of the polymer upon mixing with different
fractions of water.

λ[nm] nwater I[mM] dn/dI ncalc neff

423 1.3415 500 0.011 1.3479 1.3468
642 1.3314 500 0.010 1.3373 1.3375
423 1.3415 1000 0.011 1.3534 1.3508
642 1.3314 1000 0.010 1.3423 1.3423

Table 3.2: Correction for refractive index change upon high IS. neff represents the
actual value for the given wavelength used in the modelling to be compared with ncalc.

Buffers of high IS (500 and 1000mM) have been corrected for refractive in-
dex change using Eq:2.7, see Fig.3.2a. Values for dn/dI were taken from [32] for
wavelengths 642 and 423nm. The refractive index of water was taken from the in-
ternal database. First, a theoretical value was calculated, and then an imaginary
refractive index of 1.4 was created. By applying the Bruggeman EMA formula,
and solving for the fill factor, the amount of this imaginary refractive index to
be mixed with that of water could be calculated. The resulting refractive indices
are tabulated in Tab:3.2.

3.5.2 Quartz-Crystal Microbalance with Dissipation

QCM-D(E4, QSense) measurements were made on homogenous layers of the four
polymers. The resonance frequencies were found in N2(g) in all cases except
for poly(MAA) pH measurement, found in MQ. QCM-D measures the change
in resonance frequency and dissipation continuously. Collection of data were
made during 30 min, for every buffer, and the buffer’s flow rate was 67ul/min.
When exchanging buffer, the flow rate was temporarily raised to 640ul/min for
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2 min in order to avoid mixing effects. Temperature was held at 23°C for all
measurements.

Spectra were collected for numerous overtones but in the evaluation of data,
only one was used. In the case that the different overtones did not agree, data was
evaluated on an overtone that showed results similar to the majority of the others.
Only qualitative conclusions can be drawn from the QCM-D measurements.

3.5.3 Imaging Surface Plasmon Resonance

Protein adsorption was studied with iSPR[36] at an angle of incidence of 74°and
over a wavelength scan of 600-800nm. Correction for the unlinearity in the light
intensity of the light source and the sensitivity of the detector, for different wave-
lengths, was accounted for by measuring the intensity change of s-polarised light.
s-polarised light does not give rise to a surface plasmon. The SPR condition was
determined as the wavelength at which the intensity of the reflected light was at
a minimum.

For every buffer, three measurements were made: after buffer change, after
pepsin injection and after lysozyme injection. The buffer was pumped through
the system for approximately 20 min before the first measurement was made.
Pepsin was then injected for four minutes. To remove unbound proteins, the
buffer was pumped through until a stable baseline was attained, after which the
data was collected. Lysozyme was then injected for four minutes, buffer was
switched on again and the last measurement was collected after the system was
stable. The procedure was then repeated for the next buffer.

The order in which the buffers and protein solutions were injected for the
different system are shown in Tab:3.3. Note that the measurement after the pure
buffer change is not included in the table.
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Order System Buffer and pH Protein cprotein[mg/ml] t[min]
1 2a AB pH 4.3 Pepsin 0.5 4
2 2a AB pH 4.3 Lys 0.5 4
3 2a MES pH 5.3 Pepsin 0.5 4
4 2a MES pH 5.3 Lys 0.5 4
5 2a PB pH 6.1 Pepsin 0.5 4
6 2a PB pH 6.1 Lys 0.5 4
7 2a PB pH 7.5 Pepsin 0.5 4
8 2a PB pH 7.5 Lys 0.5 4

(a)

Order System Buffer and pH Protein cprotein[mg/ml] t[min]
1 2b PB pH 7.5 Pepsin 0.5 4
2 2b PB pH 7.5 Lys 0.5 4
3 2b PB pH 6.1 Pepsin 0.5 4
4 2b PB pH 6.1 Lys 0.5 4
5 2b MES pH 5.3 Pepsin 0.5 4
6 2b MES pH 5.3 Lys 0.5 4
7 2b AB pH 4.3 Pepsin 0.5 4
8 2b AB pH 4.3 Lys 0.5 4

(b)

Table 3.3: The measurement and injection order of buffers for the different systems,
(a) for system 2a and (b) for system 2b, for protein adsorption study with iSPR.
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4Results and Discussion

4.1 System 1

For a review on the details of System 1, see Sec:2.1.5.

4.1.1 Swelling upon change in pH

SE Results

The swelling dependence of pH was investigated on system 1a, poly(MAA) as
first layer and poly(DMAEMA) as gradient, and on the reversed system 1b.
Data for the swelling of system 1a is shown in Fig:4.1a. The surface profile in air
showed a gradual increase in thickness as the amount of poly(DMAEMA) was in-
creased, indicating a gradient. For the hydrated film, the largest effect of swelling
was seen in the poly(MAA) predominate region, and a decrease in thickness oc-
curred as the amount of poly(DMAEMA) increased. The decrease in thickness
can be explained by either an increased crosslinking between poly(MAA) and
poly(DMAEMA), or by attractive electrostatic interactions between ionised car-
boxylic acids and amines. Crosslinking induces a higher elastic resistance to ex-
pansion and the charge neutralisation effect minimises the amount of counterions
in the film which lowers the osmotic pressure. The poly(MAA) swells increasingly
above pH 5.3, which corresponds to a higher degree of ionisation of poly(MAA).
The whole gradient swelled significantly at pH 7.2, probably an effect of a com-
bination of a high ionisation degree of poly(MAA) and a low ionisation degree
of poly(DMAEMA). However, thickness values from SE measurements for highly
swollen polymers should be considered with care (see Fig:3.2b).

The swelling profile of system 1b is shown in Fig:4.1b. A similar swelling
behaviour was also noted in system 1a, in which the beginning of the gradient
responded more to a change in pH than did the mixed polymer region. The pH
dependence was also reversed, with higher swelling at low pH and less swelling for
higher pH, which corresponds to the ionisation/deionisation of the amine group.
The gradient formation of poly(MAA) was not homogenous, as was seen by the
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(a) Swelling profile of system 1a, poly(MAA) first layer and poly(DMAEMA) gradient. From
left to right there is a gradual increase in concentration of poly(DMAEMA).
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(b) Swelling profile of system 1b, poly(DMAEMA) first layer and poly(MAA) gradient. From
left to right there is a gradual increase in concentration of poly(MAA).

Figure 4.1: Swelling profile of system (a)1a and (b)1b.
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thickness profile in air, which showed a sudden accumulation of poly(MAA). This
was a result of the difficulty in polymerising poly(MAA) as second layer on top
of poly(DMAEMA). This led to the discarding of system 1b.

In both systems, 1a and 1b, there was a lateral dependence on the swelling
response upon change in buffer pH. This is indicative of a gradually changing
surface chemistry, in which the anionic and cationic polymers are in different
relative concentrations. There seems to be a large influence on the swelling by
the mixing of the polymers. It can be hypothesised that a swelling should be
seen for high pH, where the anionic polymer was in majority, and for low pH,
where the cationic polymer was in majority. However, a different behaviour was
seen. There seem to be mechanisms at work which counteract the swelling of the
mixed region. Explanations for this include crosslinking and strong electrostatic
attractive forces between the anionic and cationic polymers, combined with lower
osmotic pressure.

The results were not quite clear as to whether it was possible to laterally
control or move the region with zero net charge. This was due to the unrespon-
siveness of the mixed region. A more direct method to investigate surface charge
is needed in order to confirm this. Another observation was the relatively larger
expansion of poly(DMAEMA) in system 1b upon hydration with MQ, compared
to that of poly(MAA) in system 1a. Hydration with MQ, which lacks ions, shows
the swelling that arises only from the spontaneous mixing of the solution and
the polymer, and also, to some extent, from osmotic pressure induced by the
polymer. The crosslink degree is then of major importance for how large the
swelling gets; relative to the thickness in air. It might then be hypothesised that
poly(DMAEMA), when as first layer, polymerises into a more flexible network
than does poly(MAA).

QCM-D Results

QCM-D was used to measure homogenous polymer films. Results are shown
for poly(DMAEMA) and poly(MAA) in Fig:4.2a and Fig:4.2b, respectively. A
raise in resonance frequency, which result in a negative resonance shift, indicate a
mass uptake to the crystal. Similarly, a decreased dissipation result in a positive
dissipation shift, which is indicative of an increased softness. poly(DMAEMA)
showed a large negative shift in frequency and a positive shift in dissipation for
pH 4.3 and pH 5.3, indicative of both a mass uptake, due to water absorption,
and an increased softness, representative of a swollen polymer. Similar behaviour
was observed for poly(MAA), but in this case, only for pH values above 6.0. The
dissipation curve for poly(MAA) showed a positive shift for pH 5.3, but no change
was detected in the frequency. However, comparison with SE data indicated a
modest swelling.

For both poly(MAA) and poly(DMAEMA), the observations can be explained
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by the ionisation of fixed charge groups, uptake of counter ions and subsequent
swelling due to a raise in osmotic pressure. The shifts were rapid and the swelling
seemed to approach equilibrium soon after buffer change, confirming the hypoth-
esis that during the measurement time of SE (50 min), the films did not change
significantly. The collapse of the polymer can be explained by the opposite mech-
anism; that is, a lower degree of ionisation of fixed charges.

Both poly(MAA) and poly(DMAEMA) showed swelling behaviour in accor-
dance with the theory. poly(MAA) swelled at high pH and poly(DMAEMA) at
low pH. However, the pKa of carboxylic acids lies around pH 4, but poly(MAA)
did not swell significantly under pH 6. This could be due to high free energy
penalty by the ionisation of bulk fixed charges described in Sec:2.2. Similarly,
poly(DMAEMA) showed the largest frequency and dissipation shifts for pH 4.3
and pH 5.3, but should theoretically be ionised below pH 10.

4.1.2 Swelling upon change in Ionic Strength

SE Results

The evaluation of the influence by IS on the polymer swelling was performed
at pH 6.1(MES). SE data from system 1a is shown in Fig:4.3. System 1b was
cancelled and no data was collected for that system. From previously shown
QCM-D data, both poly(MAA) and poly(DMAEMA) were partially swollen at
pH 6.1. The poly(DMAEMA) content was increasing from left to right. For
low IS(< 100mM), a modest swelling in the poly(MAA) region was seen and,
noticeably, there was a minimum swelling dip moving to the right along the
gradient, as the IS was increased. This could, either be due to a higher ionisation
degree of the carboxylic acids, a raise in the IS changes the pKa of the ionisable
groups, or from an increased screening of attractive electrostatic interactions.

For high IS (> 500mM), the whole gradient swelled significantly. At high
IS, the attractive electrostatic interactions inside the mixed layer were screened,
resulting in an extension of the polymer. This indicates that attractive forces
between the polymers, and not so much crosslinking effects, cause the unrespon-
siveness of the gradient region to swell upon change in buffer pH(see Fig:4.1a).

QCM-D Results

The results for poly(DMAEMA) and poly(MAA) are shown in Fig:4.4a and
Fig:4.4b, respectively. The dissipation showed similar results for two polymers.
Initially, there was a positive shift in the dissipation, followed by a negative shift
at IS > 100mM . The dissipation thus indicated a collapse of the polymeric film
at high IS. This can be explained by an increased screening of charges within
the film, and by a lower osmotic pressure due to a reduction in the difference in
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(a) QCM-D data for poly(DMAEMA) pH dependent swelling. Both frequency shift and
dissipation are shown.

(b) QCM-D data for poly(MAA) pH dependent swelling. Both frequency shift and dissipation
are shown.

Figure 4.2: QCM-D data for poly(MAA) and poly(DMAEMA) pH dependent swelling.
Arrows indicating injection time of respective buffer.
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Figure 4.3: SE data showing system 1a IS dependent swelling. poly(DMAEMA) content
is increasing from left to right. The position on the sample for IS >50mM has been
corrected due to displacement of the measurement area during experiment.

counter ion concentration between the internal and the external of the polymer
film.

The results for poly(MAA) is difficult to interpret for IS>100mM because
the frequency shift indicated a swelling, and the dissipation, a collapse. QCM-D
is, however, sensitive to changes in buffer viscosity and it is, therefore, possi-
ble that at high IS, charge effects induced by the ions influence the frequency
to raise[41]. This will induce a negative frequency shift that the QCM-D will
”see” as a mass increase. However, the charge effects have not been reported
to be of a high enough magnitude to explain the rather distinct shifts seen
for poly(MAA). Therefore, it is difficult to draw any definitive conclusions re-
garding the poly(MAA) swelling behaviour at high IS. The indicated swelling of
poly(MAA) at IS <100mM is, however, confirmed by SE data.

The poly(DMAEMA) data showed shifts which seemed to indicate a decreas-
ing mass uptake from low to high IS, most noticeable at high IS. This indicated
a collapse of the polymer.

The swelling behaviour at low IS(< 100mM) for poly(MAA), is in correlation
with SE data. For high IS, however, the results are hard to interpret, and also
hard to compare between QCM-D and SE. SE measures a gradient with a blend
of anionic and cationic polymers, while QCM-D only measures homogenous films.
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(a) QCM-D data showing poly(DMAEMA) IS dependent swelling.

(b) QCM-D data showing poly(MAA) IS dependent swelling.

Figure 4.4: QCM-D data for poly(MAA) and poly(DMAEMA) swelling at different IS
strength at pH 6.1.
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4.2 System 2

For a review on the details of System 2, see Sec:2.1.6

4.2.1 Swelling upon change in pH

SE Results

The swelling profile for system 2a, poly(AEMA) as first layer and poly(CEA) as
gradient, is shown in Fig:4.5a. poly(AEMA) was in its highest relative concen-
tration at the far left of the picture, and did not swell to a great extent in the
pH range measured. However, at pH 4.3, there was a small increase in thickness,
which correlates with the data from QCM-D(Fig:4.6), showing no mass uptake
at pH values above 5.3. For pH values 6.1-8.0, there was a moving front of the
poly(CEA) rich region, indicating a higher ionisation degree of the carboxylic
acids as the pH was increased. Below pH 6.1, no significant swelling change was
seen from that of MQ.

Data for system 2b are shown in Fig:4.5b. The poly(CEA) rich region, now in
the left of the picture, showed a similar swelling front as system 2a. poly(AEMA)
showed a marginal swelling at 4.3 but, apart from that, the detected swelling
seemed to be on the behalf of poly(CEA). The swelling minimum moved from
the left to the right along the gradient, as the pH was increased above 6.1.

By comparison with the SE data for system 1(see Fig:4.1a), there does not
seem to be a large attractive electrostatic interaction in the gradient region of
system 2. As the poly(AEMA) did not swell, or ionise its bulk charges, below pH
5.3(Fig:4.6), the poly(CEA) behaved more or less like a polyelectrolyte. There
were thus fewer attractive electrostatic interactions, keeping the film collapsed.
Additionally, the higher net charge attracts more counter ions, resulting in a
higher osmotic pressure.

For system 2, in order for the detected swelling to occur, it is either possible
that the polymer backbones of poly(CEA) can extend through the poly(AEMA)
layer or, alternatively, be able to push the whole gradient upwards. Conclusions
regarding this is difficult draw and further investigation is needed. There does not,
however, seem to be large difference in polymerisation pattern between system
2a and 2b, as the swelling response were similar.

QCM-D Results

Results are shown for poly(AEMA) and poly(CEA) in Fig:4.6a and Fig:4.6b,
respectively. poly(AEMA) showed no mass uptake or change in dissipation at
high pH (>6), and was only marginally swollen at pH 5.3. At pH 4.3, there was
a mass uptake and a positive shift in the dissipation representative of swelling.
Interestingly, there was a different kinetic pattern for poly(AEMA) than for the
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(a) SE data of system 1a pH dependent swelling with increasing poly(CEA) content from left
to right.
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(b) SE data of system 1b pH dependent swelling with increasing poly(AEMA) content from left to right.

Figure 4.5: SE data for system 2 pH dependent swelling.
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other polymers studied. The reason for this is unclear, but might arise from a
different ionisation pattern of the primary amine. The primary amine has high
hydrogen bonding capabilities even in its deionised state. This might lower the
driving force of the primary amine to be charged, in contrast to poly(DMAEMA)
which in a polar medium, like water, is more soluble in the charged state. A
complete explanation is, however, difficult to give.

poly(CEA) showed an increasing swelling upon raise in pH, with the largest
shifts occurring between MQ and pH 7.0. This was also expected, as more car-
boxylic acids became ionised as the pH was increased. The poly(CEA) swelling
behaviour was very similar to that of poly(MAA), which was expected, as they
are both carboxylic acids. The data correlates well with that of SE, where the
largest swelling response was seen at pH between 6.1 and 7.0, and only marginally
increased swelling between pH 7.0 and 8.0.

4.2.2 Swelling upon change in Ionic Strength

SE Results

For system 2a, poly(AEMA) as first layer and poly(CEA) as gradient, results are
shown in Fig:4.7a. Comparison of the pH dependent swelling at pH 7.0, and IS
dependent swelling graphs, show that there was not an additional swelling in the
poly(CEA) rich region for IS <100mM. At IS > 500mM, the poly(CEA) region
slightly collapsed. However, considering the drop in pH of the PB at IS >500mM,
there seemed to be an induced swelling as compared with data for pH dependent
swelling (compared with Fig:4.5a at pH 6.4).

poly(AEMA) swelled at high IS(>500mM), which was also confirmed by the
QCM-D data(Fig:4.8a). The significant swelling at high IS for poly(AEMA) is
somewhat intriguing. However, high IS may influence the pKa of the amines,
making it more entropically favourable for them to be charged.

The results for system 2b are shown in Fig:4.7b, and showed a similar be-
haviour to that of system 2a: a significant expansion of poly(AEMA) in the
gradient region for IS >500mM. This was probably not due to screening of at-
tractive electrostatic interactions, considering that the poly(AEMA) of system
2a also expanded for high IS, where it was blended to a much lower degree than
in system 2b. QCM-D data also supports the assumption that poly(AEMA) was
the main contributor to the swelling in this case.

Despite the drop in pH of the high IS buffers, there was a clear influence on
the swelling by the change in buffer IS. This can be seen by comparison with the
data from the pH dependent swelling. Most dramatic was the large expansion
of poly(AEMA) at high IS. The mechanism behind this behaviour has not been
found.
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(a) QCM-D data for poly(AEMA) pH dependent swelling.

(b) QCM-D data for poly(CEA) pH dependent swelling.

Figure 4.6: QCM-D data for system 2 polymers (a) poly(AEMA) and (b) poly(CEA).
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(a) SE data for system 2a IS dependent swelling.
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Figure 4.7: Se data from system 2 for the IS dependent swelling.
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QCM-D Results

Results from QCM-D for poly(AEMA) and poly(CEA) IS dependent swelling are
shown in Fig:4.8 and Fig:4.8b, respectively. The poly(AEMA) swelled increas-
ingly as the IS was increased and showed a large mass uptake at IS 500mM.
Swelling at low IS is expected as the amount of counterions present is higher,
which induces a higher osmotic pressure. The QCM-D data were in correlation
with SE data in that the poly(AEMA) swelled at IS 500mM and 1000mM, but
not to any significant amount for IS <500mM. The poly(CEA), however, col-
lapsed at IS 500mM and above, as indicated by both a raise in frequency and a
drop in dissipation. This also supports the data from SE.

For high IS >100mM there was, as previously mentioned, a drop in pH of the
PB buffers. Compared with the data from QCM-D (pH dependent swelling for
poly(CEA)(4.6b)), the drop in pH is balanced by the raise in IS. The dissipation
indicates a collapse of the film, making it difficult to interpret the data. Basi-
cally, this is the same behaviour as was seen for poly(MAA)(Fig:4.4b), which is
reasonable since they both carry carboxylic acids.

The QCM-D data for poly(CEA), at low IS, are also difficult to interpret as
the frequency indicates a swelling, and the dissipation, a collapse. Compared with
the SE data, where a small swelling is seen for system 2b(Fig:4.7b) at IS 5mM
and 10mM, the frequency shift might be more reliable here and the dissipation
might be influenced by changes in the buffer viscosity. Following this logic, the
polymers seemed to expand increasingly with higher IS, even for IS > 500mM.
This does not, however, correlate with the theory that, at high IS, the osmotic
pressure drops and the film collapses.

Evaluating QCM-D data for different buffer IS has proven difficult, with often
contradictory results from the shifts in dissipation and the shifts in resonance
frequency. QCM-D is sensitive to buffer conditions and, therefore, it is hard to
separate what is an artifact of the technique and what is a real response of the
sample. It is also hard to draw direct parallels between SE and QCM-D data, as
a gradient is evaluated in the SE case. Additionally, small shifts seen in QCM-D
might result in a thickness change that is too small to be detected by SE.

4.2.3 Protein Adsorption profile

The protein adsorption profile of system 2a and 2b are shown in Fig:4.9a and
Fig:4.9b, respectively. System 1 was not investigated with respect to protein
adsorption. This was a consequence of the difficulty in attaining a satisfactory
surface in system 1b. For system 2a at pH 4.3, a high amount of pepsin adsorbed
onto the poly(AEMA)-rich side. As have been shown by SE and QCM-D, the
amines are ionised at this pH, resulting in a positive surface charge. Interestingly,
after the injection of lysozyme at this pH, an adsorption was detected on the
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poly(CEA) rich side, indicating a negative surface charge. However, data from
QCM-D and SE have shown that no swelling occured for poly(CEA) at this pH.
At higher pH, there was a loss of pepsin adsorption and an increased lysozyme
adsorption, as expected. The area with lowest protein adsorption, referred to as
(the dip), moved along the gradient from the right to the left, as the pH was
increased. This region has previously been ascribed charge neutral properties[5].

System 2b was investigated starting at pH 7.5 followed by lower pH. As a
result, lysozyme adsorbed readily on the poly(CEA) rich side, and almost no
pepsin adsorption was noticed. As the pH was lowered, less lysozyme adsorbed
and increasing amounts of pepsin adsorbed on the poly(AEMA) region. At pH
6.1, there was a low adsorption of pepsin to the poly(AEMA) rich side, indicating
a positive surface charge. The dip moved from the right to the left as the pH was
decreased, but not as clearly as in system 2a.

For the dip to move, adsorption, as well as desorption, of proteins must take
place. The most dramatic dip was seen for system 2a at high pH. For system 2b,
the dip was not as distinct. It can be hypothesised that the reason for this was a
higher degree of diffusion of the smaller protein lysozyme into the polymer, which
may then not be able to desorp as readily as pepsin. The poly(CEA) has also been
shown by SE and QCM-D to swell significantly, resulting in a more loose poly-
mer structure further favoring diffusion into the bulk. When the surface charge
then changes lysozyme may get trapped, followed by pepsin adsorption on top
of lysozyme, resulting in a bridging of the charge neutral region. Alternatively,
system 2a might result in a denser polymer, more effectively prohibiting protein
diffusion into the bulk than does system 2b. The desorption of proteins, as the dip
moves, provides information regarding the protein adsorption mechanism on the
film. It seems, for example, that the proteins remain in a relatively native state,
and do not denaturate upon surface adsorption, as this would prevent desorption
due to exposure of protein hydrophobic core.

Comparison with SE and QCM-D data for system 2, it appears that the pH
at which the swelling occurs does not correlate with the rise of surface charge.
This might result from less free energy penalty upon ionisation of charges directed
towards the ambient, than for ionisation of the charges located in the bulk of the
film. Thermodynamic models have shown, that a pH gradient across the polymer
exists, which could explain this phenomenon[25]. Therefore, when investigating
the charge of polymer films it is important not to just study the surface charge,
but also the ionisation degree of the bulk charges, which is indirectly seen as
swelling, in order to achieve a more complete understanding of the behaviour of
these polymeric films.
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(a) QCM-D data for poly(AEMA) IS dependent swelling.

(b) QCM-D data for poly(CEA) IS dependent swelling.

Figure 4.8: QCM-D data for poly(AEMA) and poly(CEA) IS dependent swelling.
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(a) (b)

Figure 4.9: Protein adsorption of system 2a and 2b. (a) Protein adsorption profile of
system 2a measured with iSPR. The graph entitled "pH 4.3" show the gradient, and is the
data all other graphs are related to. That means, no change in SPR angle in one of the
other graphs, is indicative of no protein adsorption in that area. (b) Protein adsorption
profile of system 2b measured with iSPR. The graph entitled "pH 7,5" show the gradient,
and is the data all others are related to. That means, no change in SPR angle in one of
the other graphs, is indicative of no protein adsorption in that area.
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5Conclusions

The swelling behaviour, as well as the protein adsorption profile, have been char-
acterised for two hydrogel gradient systems, poly(MAA)/poly(DMAEMA)(1) and
poly(CEA)/poly(AEMA)(2), and the response upon a change in buffer pH and IS
has been investigated. in situ spectroscopic ellipsometry has been the main tech-
nique in the evaluation of the swelling behaviour, with qualitatively supporting
data from QCM-D. The two techniques are in agreement in the majority of cases,
which qualitatively confirms the model used in the evaluation of the SE data. A
quantitative confirmation of the thickness data acquired by SE has, however, not
been found. Protein adsorption profile has been evaluated with iSPR, and has
shown a laterally shifting protein adsorption minimum.

The swelling of these hydrogel gradients has been shown to be influenced by
the buffer pH and IS. Somewhat different behaviour could be seen for system 1
and 2, probably due to high electrostatic interactions in system 1. Both systems,
however, show a swelling front, or a moving swelling minimum. This indicate
the possibility of laterally controlling the charge neutrality region, and thus the
surface properties, by altering the pH or IS of the buffer.

iSPR data has shown that the region of lowest protein adsorption can be
laterally shifted by changing the pH of the buffer. This region has previously been
shown to be charge neutral and, via the protein adsorption, indirect information
about surface charge is also given. There is an indication that protein adsorption
occurs ”before” swelling can be detected with SE and QCM-D. Desorption of
proteins also occur as the dip moves along the surface, indicating a weak protein-
surface interaction.

The swelling of the polymers and the rise in surface charge appears to occur
at different pH values. This despite the fact that the ionisation degree of the
bulk charges polymer film, is the main driving force for swelling. The answer
can perhaps be found in thermodynamic models, describing a pH gradient over
the polymer-ambient interface. The bulk charges resists ionisation in order to
minimise electrostatic repulsions within the film. The charges directed toward
the ambient ionises more readily.

43



The systems studied show promising properties for future applications in, for
example, biosensors, where the surface can be tailor made to be protein resistant
in specific buffer conditions.
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6Future Aspects

The experimental results obtained are based on few measurements, so the results
need further confirmation. During the work, much time and effort has been made
to set up fabrication protocols for the gradient surfaces and due to shortage of
time, the results were not further strengthened.

When using ellipsometry, and for in situ ellipsometry especially, it is prefer-
able to have a complementary technique to verify the results. Modelling of QCM-
D data were initially intended for this purpose, but were difficult to attain. It
is also not an ideal complementary technique, as a lateral resolution cannot be
achieved. Therefore, no quantitative confirmation of the modelled SE data was
obtained. In future investigations, a more suitable complementary technique
needs to be found. Atomic force measurement(AFM) tapping mode might prove
useful in attaining quantitative data, but was not performed due to lack of time.
Another option to study the swelling of polymers is neutron reflectometry, where
the contrast between the polymer and the solution is raised by using heavy wa-
ter[8, 9].

Direct evaluation of surface charge is also needed in order to confirm that
the swelling and the rise of surface charge, are not directly correlated. Colloidal
probe AFM can be used for this purpose.

In order to further evaluate the swelling and protein resistant properties of
these films, different pH values and IS should be investigated with this work as a
foundation. Preferably, the experiments should be done in titrated serum of dif-
ferent pH values in order to get a more physiologically relevant protein adsorption
profile. A dependency on the valency of the ion on the swelling behaviour has
also been shown, thus other ion valencies should be investigated. Additionally,
to further investigate how the swelling depends on the IS, measurements should
be carried out at different pH values.
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