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Abstract 
 
 
 
 
 
 
 
Studies of biomolecular interactions are of interest for several reasons. Beside basic 
research, the knowledge gained from such studies is also very valuable in for example 
drug target identification. Medical care is another area where biomolecules may be used as 
biomarkers to aid physicians in making correct diagnosis. In addition, the highly specific 
interactions between antibodies and almost any substance opens up the possibilities to 
design systems for detection of trace amounts of both biological and non-biological 
substances within environmental restoration, law enforcement, correctional care, customs 
service and national security. A biochip, which contains a biologically active material, 
offers a means of monitoring the molecular interactions in the above applications in a 
sensitive and specific manner. The biochip is a key component of a biosensor, which also 
includes components for transforming the interaction events into a human-readable 
signal.  

This thesis describes the use of poly(ethylene glycol) (PEG) in biochip design. 
Two different approaches are presented, the first based on ethylene glycol (EG)-
containing alkyl thiol self-assembled monolayers (SAMs) on flat gold and the second on 
photo-induced graft copolymerisation of PEG-containing methacrylate monomers onto 
various substrates. The former is a two dimensional system where EG-terminated thiols 
are mixed with similar thiols presenting tail groups that mimic the explosive substance 
2,4,6-trinitrotoluene (TNT). In an immunoassay, the detection limit for TNT was 
determined to fall in the range 1-10 µg/L. In the second approach, a branched three 
dimensional biosensor matrix (hydrogel) is proposed. The carboxymethylated (CM) 
dextran matrix, which is commonly used within the biosensing community, is not always 
ideal for studies of biointeractions, due to the non-specific binding frequently 
encountered in work with complex biological solutions and various proteins. To employ 
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PEG, which displays a low non-specific binding of such species, is therefore an 
interesting option worth investigating. The use of a branched graft polymerised PEG 
matrix in biosensor applications is novel as compared to previous reports which have 
focused on linear PEG chains. The latter approach provides, at maximum, one functional 
group, per surface anchoring point, for immobilisation of sensor elements. Thus, it has 
the inherited disadvantage that it limits the number of available immobilisation sites. The 
present PEG matrix contains a large number of functional groups, for immobilisation of 
sensor elements, per grafting site and offers the potential of improved response upon 
binding to the analyte as demonstrated in a series of successful sensor experiments.  

Furthermore, the nature of the process enables easy preparation of matrix patterns 
and gradients. In a PEG matrix gradient, protein permeability is studied and the 
capabilities of immobilising proteins are demonstrated. By combining the patterning 
technique with different monomers in a two-step process, an inert platform, lacking 
chemical attachment sites, is provided with arrays of spots (with immobilisation 
capabilities), which are conveniently addressed via microdispensing and used for 
biosensor purposes. The EG-terminated thiols present another means of generating such 
inert platforms, a route which is also investigated. To further explore the sensor quality of 
these spots, the concepts of patterning and gradient formation are combined and studied. 
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Populärvetenskaplig sammanfattning 
 
 
 
 
 
 
 
Det är intressant att studera biomolekylära interaktioner av många anledningar. För att 
kunna bedriva framgångsrik läkemedelsutveckling är det oerhört viktigt att känna till hur 
olika molekyler samverkar i människokroppen. Inom sjukvården kan biomolekyler 
användas som biomarkörer, då närvaro av dem eller förändringar av deras 
koncentrationer är kopplade till sjukdomstillstånd, och därmed hjälper läkaren att ställa 
rätt diagnos. Dessutom kan de mycket specifika interaktionerna mellan antikroppar och (i 
princip) valfri substans användas för detektion av spårämnen vid miljösaneringsarbete, 
gränskontroller, polisarbete, fängelser och arbete med nationell säkerhet.  

Den här avhandlingen beskriver hur polymeren polyetylenglykol (PEG) kan 
användas vid design av biochip. Ett biochip är en liten anordning, som kan användas för 
att detektera specifika molekyler med hjälp av en biologisk interaktion. Traditionellt har 
PEG använts inom biomaterialsektorn, men återfinns även i hygienartiklar som tvål och 
tandkräm. Ett annat användningsområde är konservering av bärgade träskepp och i en del 
litiumjonbatterier ingår PEG som en komponent. Dessutom pågår utveckling av PEG-
innehållande skyddsvästar. I det här arbetet används PEG framför allt på grund av sin 
förmåga att minimera ospecifik inbindning av proteiner, som utgör en stor del av gruppen 
biomolekyler, till ytor på biochip. Två olika typer av ytbeläggningar, som innehåller den 
här polymeren, har använts. Den första typen ger mycket tunna (~0.000003 mm), 
tvådimensionella filmer medan den andra ger en något tjockare (~0.00005 mm), 
tredimensionell struktur (matris). De tvådimensionella filmerna har använts för att 
utveckla en sprängämnesdetektor med mycket hög känslighet (detektionsgräns mellan 1-
10 ppb). En viktig beståndsdel i detta system är antikroppar riktade mot sprängämnet 
trinitrotoluen (TNT). Den tredimensionella matrisen är mer generell och kan användas 
för att studera många olika molekylära interaktioner. Tillverkningsmetoden av matrisen är 
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baserad på belysning med ultraviolett ljus och är därmed lämpad för att skapa mönstrade 
ytor. Genom att blockera delar av ljusflödet begränsas tillväxten av matrisen till de belysta 
delarna. På så sätt har bland annat så kallade mikro-arrayer, bestående av mikrometerstora 
(tusendels millimeter) strukturer i ett regelbundet mönster, tillverkats. Tekniken tillåter 
även tillverkning av gradienter, där matrisens tjocklek varierar längs med provet, genom 
att belysa olika delar av provytan olika länge. Genom att undersöka dessa gradienter har 
information om matrisens genomsläpplighet för proteiner kunnat extraheras. 
Gradientkonceptet har även kombinerats med mikro-arraytillverkningen och gett 
möjlighet att studera interaktioner mellan flera olika modellproteiner och deras 
motsvarande antikroppar i olika tjocka matriser på en och samma yta. 

Det finns ett stort antal sätt att utnyttja interaktionerna mellan olika molekyler på 
ett biochip. Ett tilltalande tillvägagångssätt är exempelvis att i en mikro-array binda in 
olika molekyler som kan fånga kliniskt intressanta biomolekyler, i syfte att skapa en 
hälsoprofil. Ett sådant biochip skulle ge möjlighet att parallellt detektera eller bestämma 
koncentrationen av ett stort antal biomolekyler i till exempel en droppe blod. På så sätt 
kan en diagnos snabbt ställas, kanske till och med utan att patienten behöver uppsöka 
sjukvården. Den utvecklade PEG-matrisen har god potential att fungera i en sådan 
applikation.  
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CHAPTER 1 
 
 
 

1. Introduction 
 
 
 
 
 
 
 
There are two fundamentally different approaches to carry out biological assays and 
studies of biomolecular interactions in general. Either all participating molecules are free 
in a solution or one of the interaction partners is immobilised on a surface. Surface-based 
biosensor systems normally demand more sophisticated equipment to obtain a 
satisfactory liquid handling, sufficient sampling speed and data collection but offer 
valuable advantages, such as low sample consumption and the ability to study molecular 
interactions in real time, which enables extraction of kinetic parameters. In a biosensor, a 
sensitive biologically active element (nucleic acids, biomimicking materials, proteins like 
e.g. antibodies and receptors, etc) and a transducer (e.g. optical, calorimetric or 
piezoelectric) are used to convert, directly or indirectly, the biological signal into a human-
readable one. This thesis focuses on surface-based biosensors and from now on, that is 
what the word ‘biosensor’ refers to. The intricate networks of biomolecular interactions 
present in all living beings have always intrigued scientists. Mapping of these interactions 
is traditionally laborious, but recently novel biosensors, employing parallel detection 
formats and thereby capable of accelerating research, have emerged and are continuously 
being improved. A key component of a biosensor is the biochip, where the biologically 
active components are located. Often, measures are taken to minimise non-specific 
binding of proteins on the biochip. In a biochip microarray, many different sensor 
elements or biorecognition entities (also denoted capturing agents or ligands) are 
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immobilised separately in microsized areas on a surface. Such a design allows screening 
for multiple analytes to be carried out simultaneously, so called multiplexing, which 
reduces sample consumption and processing time. Alongside basic research and mapping 
of the human proteome, which in itself is a vast task considering the ~25 000 proteins 
believed to be involved,1 the knowledge gained from such studies is very valuable in for 
instance drug discovery. A lot of efforts are put into this field in order to find new ways 
to prevent or reduce the symptoms of diseases. In medical care, biomolecules are used as 
biomarkers (altered levels or presence of such species may be associated with certain 
conditions) to aid physicians in making correct diagnosis. A very interesting example of a 
conceivable application is a miniaturised tool, for parallel detection of a whole panel of 
biomarkers, enabling quick screening for diseases, monitoring of disease progression or 
effects of treatment. This would not only minimise the suffering of patients, due to rapid 
diagnostics, but it would also eliminate much time-consuming and expensive manual 
sample processing. Additionally, the possibility to produce antibodies that interact, with 
nearly any substance, in a highly specific manner, opens up possibilities to design systems 
for detection of trace amounts of biological as well as non-biological substances within 
environmental restoration, law enforcement, correctional care, customs service and 
national security. Today, widespread examples of biosensors include pregnancy tests and 
devices for monitoring blood glucose levels.  

For biosensor applications in general, the surface chemistry has to be designed in 
such a way that non-specific binding is minimised and an ability to immobilise ligands, 
ranging from small molecules to proteins and cells, is obtained. The demands on the non-
specific binding characteristics vary from case to case, but in biologically complex 
environments, such as blood, they are high. When fragile ligands are employed (e.g. in the 
case of proteins), it is critical to take measures to ensure that they remain native and 
functional after attachment to the surface. The choice of immobilisation technique is 
therefore important, since it may impair the ligand function by destroying the 
conformation of it or creating anchoring points at the binding epitope, or in close 
proximity to it. In addition, the environment has to be carefully designed in order for the 
ligand to retain its activity after immobilisation. There are two fundamentally different 
approaches to meet these demands. The first is to restrict oneself to the two-dimensional 
(2D) case and the second is to work in a three-dimensional (3D) environment. Compared 
to 2D surfaces, a well designed 3D matrix is more suitable for preservation of 
immobilised ligands during prolonged storage and transportation.2 A 2D surface is 
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normally easier to prepare in a controlled manner and may be favoured for example when 
the capture molecules are applied shortly before the experiment and thus never left to dry. 
Furthermore, there is always an optimal density of sensor elements. Too low a density 
would not fully exploit the capabilities of the sensor and too high can lead to loss of 
sensitivity due to sterical problems, particularly in the 2D case. However, it should be 
noted that high ligand densities, especially in a 3D matrix, may lead to mass transport 
limitations, which cause problems in kinetic measurements. An important advantage of a 
3D matrix, compared to the 2D approach, is that the accompanying surface expansion 
offers the potential of higher ligand loading capacities and thus to an increased response. 
On the other hand, there is a risk of cross-linking when using a 3D structure, due to 
multi-point attachment during immobilisation of large biorecognition entities. Possibly 
the most commonly used 3D matrix in the biosensor community is the 
carboxymethylated (CM) dextran matrix.3 Despite the fact that it provides a surface 
enlargement, this type of matrix is not always the ideal choice since non-specific binding 
is frequently encountered in work involving complex biological solutions such as serum, 
plasma and cell lysates. Similar problems have been reported in investigations of heparin 
binding complement components, such as the factor B and factor P,4,5 and in interaction 
studies between high-motility-group proteins and DNA.6 Alternative matrices are 
therefore of interest.  

The polymer poly(ethylene glycol) (PEG) in different forms has been successfully 
employed in the design of protein resistant surfaces7 and therefore it is a promising 
candidate for use in biosensors. The use of PEG in 3D biosensor matrices with ligand 
immobilisation capabilities has so far been restricted to linear PEG chains in the range 2-5 

kDa that were end-point attached to the surface.4,8-14 Such an approach provides, at 
maximum, one functional group per grafting site (PEG chain) for immobilisation and 
thus it has the inherited disadvantage that it limits the number of available immobilisation 
sites for the ligand. Thereby, the attainable response upon binding to the analyte is also 
limited correspondingly. Branched heterofunctional PEG chains with several appropriate 
terminal groups, allowing surface immobilisation via a single anchoring point and 
subsequent ligand immobilisation would be a very valuable improvement of this design. 
As of yet, to the knowledge of the author, this type of PEG-based biosensors have not 
appeared in the literature or commercially, probably as a consequence of the lack of such 
molecules available on the market.  

1.0 Introduction
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The aim of the work presented in this thesis is to demonstrate the possibility to 
use a branched PEG matrix, synthesised from small non-branched building blocks, in 
biosensor applications in biologically complex solutions. Although some work is devoted 
to 2D sensor surfaces, emphasis is placed on a 3D approach. In the pursuit of a suitable 
surface chemistry for biosensors, it is important to bear in mind that many applications 
have a lot to gain from array formats, where many substances can be screened 
simultaneously. In this way, rapid analysis of complex biological samples may be 
facilitated. Therefore, it is also the ambition of this thesis to display the patterning 
capabilities of the PEG matrix approach and its use in microarray format biosensor 
experiments. The method employed to produce the present PEG matrix relies on UV-
initiated graft polymerisation of methacrylate monomers and therefore, the use of 
photomasks offer a convenient means of generating patterns.  

The second chapter of this thesis describes the protein resistant nature of PEG 
and its usefulness in biosensor and protein microarray applications. The stability and non-
specific binding of proteins is also discusses. The third chapter explains the methods used 
in the surface modification procedures. Organosulfur and silane self-assembled 
monolayers (SAMs), spin-coating and a novel UV-initiated free radical graft 
polymerisation technique are covered. Furthermore, immobilisation of biorecognition 
elements is described, as well as the capabilities of creating patterns and gradients. The 
fourth and last chapter contains concise descriptions of important experimental 
techniques employed in this work.  
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CHAPTER 2 
 
 
 

2. Poly(ethylene glycol) in biosensor applications 
 
 
 
 
 
 
 
The surface chemistry of biochips is crucial for the development of novel sensors for 
studies of biomolecular interactions. Non-specific adsorption of proteins must be 
minimised in order to ensure that the interaction of interest is the one being monitored. 
This chapter covers protein stability, non-specific adsorption and the protein resistant 
properties of PEG, as well as its use in biosensor and protein microarray applications.  
 

2.1 Protein stability 

Essentially, a native protein is a linear polymer, consisting of amino acids, which 
has folded and adopted a compact structure. In a discussion concerning protein stability, 
it is convenient to utilise the concepts of entropy and enthalpy. In this context, increased 
entropy is a positive driving force for protein folding, while increased enthalpy is an 
opposer. For example, the restrictions on the conformational freedom upon folding are 
unfavourable and decrease the entropy of the protein. The folded conformation of the 
protein may also involve deviations from the normally favoured bond lengths and angles, 
which further opposes folding.15 Conversely, the packing of side chains in the native state 
partly compensates for the low conformational entropy, by an enthalpic decrease.16 The 
surrounding environment and intramolecular interactions play an important role in 
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protein stability. In aqueous solutions, many non-polar amino acids are buried in the 
interior of (native) proteins, where they are dehydrated and shielded from the surrounding 
water, while many polar residues are exposed to the ambient.17 During folding, water 
molecules are released from the hydrophobic side chains, whereby the water gains 
entropy, but also increases its enthalpy.16 However, the entropy gain during the release of 
water is substantial and is considered to be the main driving force behind protein 
folding.15 Electrostatic (Coulombic) interactions are also involved in protein folding and 
are dependent on the distribution of charges, which differs between proteins and makes it 
difficult to generalise. However, ion pairs located on the protein surface normally have a 
stabilising effect (being partly hydrated already), whereas those in the interior are less 
important since rupture of them during unfolding would be compensated by hydration of 
the ionic groups.15 In addition, near the isoelectric point, the Coulomb effect is stabilising, 
whereas at pH values far from that, it is destabilising.15 Folding of a protein involves 
rupture of hydrogen bonds between water molecules and peptides but, on the other hand, 
leads to the formation of intrachain hydrogen bonds, which for instance enforce α-helices 
and β-sheets. It is generally believed that van der Waals (vdW) forces promote a compact 
structure of the protein. However, the net impact of both hydrogen bonds and vdW 
forces on protein stabilisation is unclear.15  
 

2.2 Non-specific adsorption of proteins 

The mechanisms involved in non-specific binding to surfaces are not fully 
understood today. However, in discussions on this matter, the most important factors can 
be grouped into four categories; (i) electrostatic interactions, (ii) vdW forces, (iii) 
hydrophobic effect and (iv) protein structure rearrangements. During non-specific 
adsorption, mismatches between charges on the surface and the protein are compensated 
for by small ions from the solution. The dehydrated environment between the surface and 
the protein is not ideal for ions and therefore this scenario counteracts adsorption. 
However, the contribution from these electrostatic interactions is fairly small.15 It is 
difficult to quantify the influence of vdW forces on non-specific adsorption of proteins, 
though they seem to be less important than electrostatic interactions. However, it is clear 
that the magnitude of the vdW forces are increasing with protein size.15 Hydrophilicity of 
a surface is a property that is commonly considered to reduce non-specific binding of 
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proteins.18-20 Hydration of such a surface is favourable and the energy involved to 
overcome the barrier of displacing the water prevents binding events in many cases. 
Conversely, hydrophobic surfaces willingly trade surface associated water in favour for 
other molecules, such as proteins. Calculations of the Gibbs free energy show that the 
hydrophobic effect by far exceeds that of the previous two factors.15 When a protein 
adsorbs to a surface, it may be structurally perturbed. Alterations of intramolecular 
hydrogen bonds and formation of protein-surface bonds are important in this context. 
The rearrangements occurring during this process can affect the motility of the polymer 
chain and in turn give rise to changes in the conformational freedom. Due to the highly 
ordered (low entropy) structure of native proteins, structural alterations upon adsorption 
to a surface may induce a higher degree of conformational freedom. Such an event is 
associated with increased entropy and thereby an increased risk of non-specific 
adsorption. The discussed four factors are interdependent, which results in both 
antagonistic and synergistic effects. A summary of the processes and their mutual 
dependence is shown in Figure 2.1.  

Protein-surface interactions

vdW forces

Electrostatic interactions

Dehydration of the surface

Structural rearrangements in the protein affecting intramolecular H-bonding

Structural rearrangements in the protein affecting conformational entropy

Decreased but compensated 
by protein-surface H-bonding

IncreasedDecreased

DecreasedIncreased

Increased
+

+

Opposite charges on 
protein and surface

+

Similar charges on 
protein and surface

_

Hydrophobic surface
+

Hydrophilic surface
_

+ _

+_

 
Figure 2.1. Schematic illustration of the interdependence of the different processes involved in non-specific 

adsorption of protein to surfaces. Promotion and opposition of adsorption are denoted by + and –, 

respectively. Adapted from Norde et al.15  

2.2 Non-specific adsorption of proteins
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2.3 Protein resistance of poly(ethylene glycol) 

The polymer PEG is used in such diverse applications as toothpaste, preservation 
of salvaged wooden shipwrecks and production of lithium ion polymer batteries. It is also 
being investigated for use in body armour due to its shear thickening properties when 
mixed with silica nano-particles.21 Due to its protein rejecting characteristics7 it is 
commonly used for surface modifications of biomedical devices, in order to prevent 
biofouling. The general chemical structure of PEG is shown in Figure 2.2. The protein 
repellence of PEG is normally ascribed to its water-like character and high motility. The 
highly dynamic nature of the PEG chains in water may be explained by the favourable 
way in which they coordinate water molecules and thereby obtain liquid-like flexibility.  
 

*C
H2

C
H2

O*
n
 

 
Figure 2.2. The general chemical structure of PEG.  

 

 The absence of charges prevents electrostatic interactions with proteins and thus 
demotes adsorption. The similarity to water results in minimal interfacial energy at the 
PEG/water interface and therefore, proteins, approaching such an interface, will not be 
greatly affected. In other words, there is no energetic gain in dehydrating the hydrophilic 
PEG chains. As mentioned in section 2.2, this is the most important property of protein 
resistant materials and thus it is a major contributor to these characteristics of PEG. A 
concept often discussed in this context is steric stabilisation, which may be divided into 
two components, namely a volume restriction term and an osmotic term. Volume 
restriction describes the reduction in the number of available conformations of the PEG 
chains upon interaction with an approaching protein. As a result, the conformational 
entropy is lowered and adsorption is counteracted. The osmotic term is associated with a 
local increase in PEG concentration upon compression by approaching proteins. An 
osmotic force develops as the distance between PEG chains is shortened, whereby the 
chains are repelled, which in effect reduces protein adsorption.22,23 Based on empirical 
findings, protein resistance have also been reported to correlate to the presence of 
hydrogen bond acceptors and absence of hydrogen bond donors.24 
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2.4 Biosensors based on poly(ethylene glycol) 

In a biosensor, some kind of biological interaction is studied for instance to extract 
kinetic parameters or to detect or determine the concentration of an analyte, which may 
or may not be biological in nature. Non-biological molecules are often small and the use 
of antibodies in competitive or sandwich assays may increase the sensitivity many times, 
compared to direct detection, due to the increased mass contrast. Detection of interaction 
events may be carried out with label free techniques, such as surface plasmon resonance 
(SPR) and quartz crystal microbalance (QCM), or with methods where labelling is a 
requirement. Common labels include fluorescent probes, radioisotopes and enzymes. The 
latter type of label relies on subsequent reactions detectable by for instance 
chemiluminescence, fluorescence or calorimetric measurements. A recent addition to the 
library of labels is the use of gold nanoparticles.25 

A general division between 2D and 3D sensor approaches can be made. The use 
of organosulfur SAMs (see section 3.1) is a popular 2D approach, which offers well 
defined systems that are easily controlled. Thiolated alkyl chains with a small number 
(≤20) of ethylene glycol (EG) units, denoted oligo(ethylene glycol) (OEG), are commonly 
used in these cases due to their protein resistant properties.26 In particular, this type of 
SAM renders possibility to vary the surface concentration of functional groups, in order 
to investigate molecular interactions and optimise sensor function. Using this approach, 
Whitesides and co-workers demonstrated different sensor surface chemistries using a 
mixture of short non-functionalised OEGs and longer ones, functionalised with carboxyl 
groups27 or a range of different ligands.28 Clearly, the former model is more general and 
supports the use of virtually any ligand that can be immobilised directly or indirectly via 
the carboxyl group, while the latter approach, relying on synthesis of specific molecules 
for each application, is less flexible but more convenient for the surface chemist. Nelson 
et al.29 reported on a similar route involving pre-functionalised OEGs. Mrksich and co-
workers have presented interesting work along the same lines where a terminal 
benzoquinone was reacted with cyclopentadiene-conjugated ligands via a Diels-Alder 
reaction.30,31 A similar surface chemistry was used in Paper I where a non-functionalised 
OEG thiol was assembled at different mixing ratios with three different 2,4,6-
trinitrotoluene (TNT)-analogues containing terminal 2,4-dinitrobenzene groups, 
resembling the chemical structure of TNT. This design was dedicated to detection of 
TNT in a competitive immunoassay format, where antibodies specific towards TNT were 
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associated to the analogues and subsequently released upon exposure to TNT. This 
release of antibodies was monitored with QCM. The detection principle is shown in 
Figure 2.3. Other methods of detecting TNT in liquids include immunoassays based on 
fluorescence32-37 and electrochemical sensing,38 while techniques such as surface acoustic 
wave,39 photofragmentation/fluorescence40 and ion motility spectroscopy41 have been 
developed for detection of airborne TNT. 

 
ABTNT

TNT

TNT-analogue thiol

OEG thiol  
Figure 2.3. Schematic illustration of the competitive immunoassay for TNT detection. The antibodies against 

TNT are denoted ABTNT.  

 

 Several groups have put efforts into 3D PEG-based sensor systems. Using silane 
platforms, Piehler et al.8,9 attached linear diamino- and dicarboxy-functionalised PEGs to 
silica surfaces. These were then used for covalent immobilisation of ligands and 
subsequent interaction studies. The process was later refined by the use of nitrilotriacetic 
acid (NTA), which allows for regenerable immobilisation of histidine-tagged molecules.13 
In another approach for investigation of biointeractions, Vörös and co-workers adsorbed 
PEG-graft-poly(L-lysin) (PEG-g-PLL), functionalised with either biotin10 or NTA14 
groups, to Nb2O5 substrates. Problems with instability of this surface chemistry, which 
relies on electrostatic interactions,42 at high ionic strengths and extreme pH values have 
been addressed and protocols for covalent attachment of the PEG-g-PLL has recently 

been developed.43 Muñoz et al.4 proposed an approach in which linear disulfide PEG 
chains, functionalised with carboxyl groups, were attached to gold. Amine coupling was 
subsequently used for immobilisation of proteins. Masson et al.11 reported on a slightly 
different route, where linear N-hydroxysuccinimide (NHS)-functionalised disulfide PEG 
chains were coupled to proteins before being fixed to a gold surface. In another report, 
Uchida et al.12 describe attachment of linear PEG thiols, only partially covering the gold 
surface, with a terminal acetal group, which was used for immobilisation of a biotin 
moiety. The surface was then backfilled with a shorter PEG thiol without any ω-
functional group. A common theme can be discerned among all these reports, namely 
that non-branched PEG chains in the range 2-5 kDa have been used. Since the PEG 
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chains are linear, only a single functional group is left per chain (or statistically fewer in 
the case of homobifunctional chains) for immobilisation purposes. Such a design has the 
inherited drawback that no grafting site on the surface is able to contribute with more 
than one immobilisation point for capturing agents. However, in an approach very similar 
to the one presented in this thesis, a graft polymerised PEG matrix was prepared and 
provided with a range of different functional groups.44 Strangely, no sensor experiments 
were included and no follow-up papers have been found. In contrast to the linear PEG 
chain approach, the graft polymerised PEG matrix described in section 3.4 (and Paper 
II) provides a large number of carboxyl groups per grafting site on the surface and 
thereby has the potential of an increased response (given that it is permeable to the 
molecules of interest). Furthermore, the process supports the use of a wide range of 
substrates and lacks the need of dedicated initiators – which is commonly a requirement 
in photopolymerisation reactions – making it very versatile and compatible with the 
various transducers used in biosensor applications.  

In experiments for determining kinetic parameters, problems may occur due to 
mass transport limitations. In other words, this means that a depletion layer is formed, 
since the analytes are captured and the concentration close to the surface is lower than 
that in the injected solution. In such cases inaccurate experimental values are obtained. 
One way to reduce this effect is to use a very low density of capturing agents. Naturally, 
there is an increased risk of mass transport limitations when employing a 3D matrix, since 
the diffusion rate of the analytes is somewhat hindered by the matrix itself. Another 
important aspect to consider is that ligand spacer length and composition have a great 
impact on the affinity for the corresponding interaction partner (see section 3.4.1).  

 

2.5 Protein microarrays  

Protein microarrays have attracted a lot of attention over the past few years due to 
their potential for unravelling protein function and regulation, as well as for drug 
discovery. Their development follows in the footsteps of DNA microarrays. However, 
the instability of proteins makes higher demands on the surface chemistry than the more 
robust nucleotide polymers do. Many research groups and companies around the world 
have risen to the challenge of designing a suitable platform for simple and fast production 
of reliable protein chips, capable of preserving the functionality of the proteins. Though 
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polypeptides, and even small proteins, have been translated on-chip and immobilised to 
produce microarrays,45,46 such an approach is very complicated and unsuitable for larger 
proteins. Therefore, native and functional proteins are commonly immobilised in the 
array using an automated microdispenser. One of the first commercially available systems, 
SELDI ProteinChip,47 was launched in 1999 by Ciphergen Biosystems and today 
numerous other companies offer additional alternatives with an increasing number of 
spots. Very recently, Intel Corp. revealed their ongoing development of a protein chip 
where protein interactions are monitored via changes in electrical resistance.48 An 
overview of the progress on the protein chip market was given by Sheridan49 in 2005.  

Within academia, pioneering work in this field was carried out by MacBeath and 
Schreiber,50 who in 2000 demonstrated immobilisation of minute amounts of protein in 
more than 10 000 spots, at a high density, with retained functionality on 2D surfaces. 
Silanization was employed to provide glass supports with aldehyde groups, which enabled 
immobilisation of proteins, via their primary amines, and subsequently the non-exposed 
areas were passivated with bovine serum albumin (BSA). Though only using two different 
proteins, this demonstration displayed the potential of protein microarrays. A comparison 
between the above approach and immobilisation of hexahistidine-tagged proteins onto 
nickel-coated glass slides was carried out by Zhu and Snyder,51 who found that the latter 
gave superior results. The improved performance was presumably an effect of better 
orientational control, thus enhancing the presentation and accessibility of the binding 
sites. In another interesting publication, Wacker et al.52 described a self-assembly 
procedure in which proteins tagged with single stranded DNA were immobilised in a 
previously fabricated microarray of complementary DNA sequences. From a commercial 
perspective such an approach is very appealing, since problems related to protein 
degradation, during transportation and prolonged storage, are evaded. An obvious 
drawback of this route is the need for DNA-tagged proteins, while the potentially 
increased orientational control granted by the tagging is advantageous. Recently, Valiokas 
et al.53 reported on an array of spots prepared from SAMs of OEG-containing alkyl 
thiols, on gold, carrying either one or two NTA moieties capable of chelating nickel ions. 
The relative concentrations of the NTA-thiols were varied by diluting with similar thiols 
lacking NTA. Accurate deposition of the thiol solutions was aided by a microcontact 
printed hydrophobic grid (later passivated with BSA). This approach offered a flexible 
means of adjusting the affinity for histidine-tagged biomolecules, by varying the molecular 
valency (i.e. the NTA valency of the thiol) and the surface valency (i.e. the surface 
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concentration of NTA-thiols), and facilitated investigation of complex protein-protein 
interactions. In all these studies 2D surfaces were used, which are not always the ideal 
choice for protein interaction studies. As mentioned before, 3D matrices offer the 
potential of advantages, such as improved loading capacity and better conditions for 
protein preservation. In a report by Arenkov et al.,54 acrylamide monomers were graft 
copolymerised with diacrylates, using 254 nm UV light, onto glass substrates coated with 
methacrylate terminated silane SAMs. Proteins were immobilised in an array of 100 × 100 
µm pads, which were prepared using a photomask. In immunoassays, micro-
electrophoresis was then used to promote protein penetration in the relatively thick (20-
40 µm) and cross-linked pads as well as to remove non-specifically bound proteins.  

In the pursuit of a suitable platform for microarrays, PEG has been suggested by 
several groups. Veiseh et al.55 reported on an array of 20 × 20 µm gold squares, prepared 
on silica substrates, which were subsequently treated with carboxyl-functionalised thiols 
and 5 kDa PEG-silanes. The carboxyl groups in the squares were used for amine coupling 
of ligands, while the PEG-coated silica offered a protein resistant framework. In another 
study by Wegner et al.,56 an amine-terminated SAM on gold was employed to immobilise 
different cysteine-containing peptides in pyridyldithio-functionalised microchannels. The 
areas outside the channels were back-filled with 2 kDa PEG-NHS to obtain protein 
resistant properties. It should be noted, however, that in both these studies, the PEG 
molecules were excluded from the areas in which biomolecular interactions were intended 
to take place. Further information on recent developments in the field of protein 
microarrays is found for instance in reviews by Fortina et al.,57 Borrebaeck et al.58 and 
Lehrach et al.59 

Despite tremendous progress in this field no fully satisfactory approach, 
combining a low non-specific binding, deposition of adequate amount of capturing agents 
with retained functionality, a sufficiently sensitive detection technique and also meeting 
the economic demands in industry, has been developed. The photografted PEG matrix 
described in this thesis offers convenient patterning capabilities, elaborated on in section 
3.4.2, which give opportunities for production of microarrays (Paper IV and V) and may 
be a starting point in the development of successful protein microarray fabrication. 

2.5 Protein microarrays
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CHAPTER 3 
 
 
 

3. Surface modifications 
 
 
 
 
 
 
 
The importance of well designed surface chemistry in biosensor and protein microarray 
fabrication has been discussed in the previous chapter. This chapter briefly describes the 
theory and practical details of the methods employed to prepare the different surfaces 
used in the included papers. The graft polymerisation technique, developed for 
production of the PEG-based matrix, is introduced as well as the capabilities to generate 
thickness gradients and patterns. A selection of experimental data is also included to 
illustrate the properties of the PEG matrix.  
 

3.1 Organosulfur self-assembled monolayers 

The concept of organosulfur SAMs was first introduced by Nuzzo and Allara in 
1983.60 Self-assembled monolayers are usually described as ultrathin films with a thickness 
in the low nm range. Organosulfur compounds, such as thiols or disulfides, can be used 
to form well-ordered and densely packed SAMs on a range of metal surfaces. The 
substrate is normally immersed in a dilute loading solution (µM-mM) and incubated for 
some time to allow monolayer assembly. Figure 3.1 schematically illustrates the self-
assembly process. The typically used molecules consist of an alkyl chain, containing 10-20 
methylene units, with a sulfhydryl head group, which binds strongly to the substrate. 
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Once pinned to the surface, the molecules start organising themselves into densely 
packed formations due to vdW interactions between the alkyl chains. The latter process is 
time consuming and it takes hours before a well-ordered SAM is completed.61 The length 
and the degree of bulkiness of the molecules used have a strong influence on the 
properties of the obtained SAM.  

 

Substrate

Substrate

Start of incubation

Tail group

Head group

Alkyl chain

Organisation

Well-ordered SAM

 
 
Figure 3.1. Schematic illustration of a self-assembly process. A SAM requires several hours to organise itself 

into a dense and highly ordered monolayer.  

 

Due to its inert nature, gold is very often the preferred substrate material to use 
for work in this field, though a range of other metals can be used. On Au(111), the 

organosulfur molecules in a SAM will display a chain tilt of ~26-28° due to the mismatch 
between the pinning distance (S···S) and size of the vdW diameter of the carbon chains.62 
By using different tail groups, the exposed end of the molecule can be given specific 
functionalities, which may be used in biochip design or to facilitate further surface 
modifications. In Paper III-V, SAMs have been used both as grafting platforms (see 
section 3.4) and to obtain protein rejecting properties. By mixing different molecules, 
functionalities can be laterally separated to optimise conditions for biomolecular 
interactions or obtain other desired properties. This aspect of SAMs was explored in 
Paper I (also discussed in section 2.4), where variations in the surface concentration of 
TNT-analogues had a strong influence on the sensor behaviour. However, it should be 
noted that a certain ratio between molecules in a loading solution does not necessarily 
result in a SAM reflecting that ratio. This might be an issue particularly when the 
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participating thiols are of very different size and/or chemical nature. Moreover, to 
minimise the risk of phase segregation, the molecules should be as similar as possible and 
preferably only differ in the tail group. Informative reviews are given by Ulman62 and 
Whitesides and co-workers.63 A SAM can also be produced more rapidly using 
microcontact printing,64 in which case the molecules are transferred from a soft stamp 
onto the substrate. This approach also opens up patterning possibilities that are useful in 
microarray applications.  
 

3.2 Silane self-assembled monolayers 

Silanization61 is a versatile method often used for surface modification of hydroxylated 
surfaces, such as SiO2 and TiO2. Therefore, both silica and glass offer excellent substrates. 
Very smooth planar silica substrates are commercially available and are commonly 
employed since they facilitate film characterisation. The silane derivatives on the form 
RSiX3, R2SiX2 and R3SiX, where X is alkoxy or chloride, may possess different organic 
substituents (R). Silane coatings are normally applied wet chemically or by chemical 
vapour deposition and a typical process of surface silanization is depicted in Figure 3.2. In 
this illustrated case, the organosilanes condense with hydroxyl groups on the surface. 
Bond formation between the silanes generates a network, resulting in a durable surface 
coating. The free end of the molecules, which are exposed to the ambient, may be 
functionalised for instance to aid further surface modifications or to obtain low non-
specific adsorption of proteins. One example is 3-methacryloxypropyltrimethoxysilane, 
which can be used to promote adhesion of thin polymer films, deposited by spin-coating, 

3.2 Silane self-assembled monolayers

Figure 3.2. Deposition of organosilanes onto a hydroxylated substrate. A: A silane molecule binds to the 

surface in a condensation reaction, where methanol is released. B: As the process continues, these silanes 

form bonds both with each other and with the hydroxyl groups on the surface, resulting in a durable surface 

coating. Polymerisation of the silanes requires the presence of interfacial water. 
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to silica substrates. Compared to the organosulfur SAMs, the films obtained by 
silanization are generally not as well ordered. In addition, there is also a risk of multilayer 
formation, particularly in the presence of excess water. The previously mentioned 
microcontact printing technique (section 3.1) is applicable in silanization as well.64  
 

3.3 Spin-coating 

Spin-coating enables preparation of very thin and smooth films on a variety of 
substrates. In practice, a planar substrate is fixed on a chuck using low pressure and the 
coating material is applied in liquid form. The chuck/substrate assembly is then spun to 
force the liquid to distribute evenly over the surface. The acceleration and spinning speed 
are factors that influence the thickness and evenness of the obtained film. Often, the 
material to be deposited is dissolved or diluted in a solvent and in those cases the choice 
of concentration is another means of controlling the thickness. Moreover, it is important 
to take measures to minimise the presence of dust to obtain good results. Clean room 
environment is desirable, but in many cases not necessary. Rinsing the substrate with for 
instance ethanol inside a laminar flow bench and drying it in a stream of nitrogen gas is an 
effective alternative. To improve adhesion of the deposited film the substrate may be 
plasma treated prior to deposition. As mentioned in section 3.2, silanization is another 
means of promoting adhesion. The spin-coating technique was used in Papers II-IV to 
deposit thin layers (<100 Å) of plastic polymers onto smooth gold and silicon substrates, 
to support the UV-initiated graft polymerisation procedure described in section 3.4. 
 

3.4 Preparation and use of the poly(ethylene glycol) matrix 

To alter the properties of a surface, a process termed graft polymerisation may be 
employed. A polymerisation reaction can be initiated in a variety of ways; chemically,65 
electrically,66 thermally67 or by electromagnetic radiation.68,69 Within this thesis a method 
for producing a PEG matrix developed. It is based on free radical formation, occurring 
upon exposure to short wave UV radiation (~254 nm), which leads to polymerisation. 
The general graft copolymerisation process, based on the two hydroxyl-terminated 
methacrylate monomers PEG10MA, with an average chain length of 10 ethylene glycol 
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units, and the shorter HEMA, was first used in Paper II and is illustrated in Figure 3.3. A 
range of different monomers exists and they enable formation of matrices with different 
functional groups such as hydroxyl, carboxyl and amine. If not stated otherwise, the term 
‘PEG matrix’ refers to a matrix graft polymerised from PEG10MA and HEMA. The 
definition of a free radical is a chemical compound, which has one or more unpaired 
electrons and therefore is capable of forming a bond to another compound. To facilitate 
successful monomer participation in the polymerisation, the monomers need to possess a 
somewhat unstable functionality. Beside methacrylates, acrylate monomers are also 
commonly used and both contain a terminal ethenyl group (i.e. a double bond). The 
existence of a free radical in close vicinity of the ethenyl group in such a monomer leads 
to an interaction between the two, whereby a bond is formed along with a new free 
radical, which in turn can react with another monomer. The chain reaction propagates 
until the free radical on the lastly bound monomer reacts with another free radical or 
abstracts a hydrogen atom (whereby another polymerisation reaction may be started). 
Unlike other methods, where light of longer wavelength (>300 nm) is used, there is no 
need for specific initiators. As a consequence, this phenomena has been denoted self-
initiated photografting in previous reports, where non-activated substrates such as 
poly(ethylene terephthalate)68 and polyethylene70 were used along with various 
methacrylates, including both PEGnMA and HEMA. 

 

Plastics

Thiol SAMs

Grafting
platforms

Silane SAMs

Monomer
solution

H H

OH

O

O

10

OH

O

O

OH

O

O

10
OH O

O

UV light
254 nm

HEMA PEG10MA

Quartz disc

 
 

Figure 3.3. Schematic illustration of the proposed graft polymerisation process. Many plastic polymers, thiol 

and silane SAMs are suitable grafting platforms. Irradiation in the short wave UV range generates free 

radicals, thereby initiating chain reactions where the monomers (PEG10MA and HEMA) are copolymerised and 

grafted onto the surface. 
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This approach is very flexible and several different types of substrates – including 
plastics, thiol and silane SAMs71 – can act as grafting platforms, though a slight variation 
in the degree of grafting efficiency is observed. To promote graft polymerisation onto 
plastic polymer surfaces, such substrates may be exposed to air plasma for instance. This 
treatment increases the hydrophilicity of the surface, enabling better contact between the 
monomer solution and the surface, and leads to the formation of reactive groups, such as 
peroxides, on the surface. 

Protocols describing UV-initiated radical grafting commonly involve placing the 
sample in a UV-transparent glass container holding the aqueous monomer solution. The 
thicknesses of films produced this way have been reported to fall in the range from 
nanometers72 to micrometers68 depending on the reaction conditions. In the present 
approach, a drop of aqueous monomer solution is sandwiched between a quartz disk and 
the substrate – in which the substrate becomes free-hanging below the quartz disk – and 
held in place by the surface tension of the liquid. A similar methodology based on grafting 
from a neat monomer solution was reported on by Neoh and co-workers.44 The sandwich 
assembly is then exposed to the UV light. The time of exposure is normally kept below 15 
min. This route of production leads to a thin matrix (<0.1 µm) containing a high density 
of terminal hydroxyl groups. A wet chemical reaction, involving bromoacetic acid and 
sodium hydroxide3 (see section 3.4.1), produces carboxyl terminals subsequently used for 
ligand immobilisation. It is worth mentioning that the monomer solution contains species 
(e.g. inhibitors from the stock solution and oxygen) that seem to interfere with the 
polymerisation process. For homogeneous films, these species are quickly consumed and 
pose no problem. However, during patterning and gradient formation, it seems that the 
interfering molecules are able to diffuse from the non-irradiated areas into the irradiated 
ones where they reduce grafting efficiency. This matter is further discussed in section 
3.4.2.  

The present PEG matrix seems to be fairly dense in nature and prevent large 
proteins from entering properly, as illustrated in Figure 3.4. During immobilisation of 
such proteins this behaviour may originate from the high density of carboxyl groups, 
present in the PEG matrix, when using the amine coupling protocol (see section 3.4.1). 
This combination is likely to result in cross-linking of the matrix due to multi-point 
attachment of the proteins. However, the tendency is also observed in other instances and 
therefore raises questions regarding the detailed structure of the matrix. As proposed in 
Paper III, the PEG matrix is believed to obtain a bush-like and somewhat cross-linked 
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structure (Figure 3.4). This is based on the fact that the graft polymerisation process may 
be initiated on a broad range of materials,71 including the matrix itself. Therefore, it is very 
plausible that new branches, protruding from the existing ones, will be formed during 
grafting. Wang and Brown70 discussed two underlying mechanisms relevant for this type 
of photo-induced graft polymerisation; (i) the monomers themselves form free radicals 
which can interact with the substrate (and other monomers) and (ii) excitation of the 
monomers to triplet states, capable of abstracting hydrogen atoms from the substrate 
(and other monomers) under the formation of free radicals, which may then react with 
nearby monomers. In a somewhat related study, Stachowiak et al.73 also presented ideas 
along these lines. In addition, it is also very likely that the UV light is capable of creating 
free radicals on the surface, particularly when the substrate presents unstable groups.  

 

~500 Å

 
 

Figure 3.4. Cartoon showing the inhomogeneous immobilisation level of proteins in a PEG-based gradient 

matrix (see section 3.4.2). The bright section in the thick part of the gradient can not be reached by large 

proteins, such as fibrinogen. The bush-like structure of the matrix is proposed to be a consequence of the 

non-specific nature of the graft polymerisation process. 

 
An interesting aspect of this approach is that the polymerisation process is 

sustained by a fairly weak source of irradiation. The major part of the matrix preparations 
were carried out using an 18 W Hg lamp. As opposed to the harsh conditions associated 
with the high power (400-2000 W) normally used for polymerisation in the literature, the 
present method is relatively gentle to the different experimental components. For 
instance, the effect of 10 min irradiation with the 18 W Hg UV source on a HS-(CH2)15-
COOH SAM (in the absence of monomers in the solution) was investigated with infrared 
reflection absorption spectroscopy (IRAS) and null ellipsometry and it was found that the 
damage was restricted to the tail group of the thiol and the thickness decrease was around 
10%. 
 

3.4.1 Ligand immobilisation 
Generally, when the task of immobilising a capturing agent is undertaken, three 

issues have to be addressed. First of all, the environment for immobilisation and 
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interactions should be designed with care in order to ensure that sensitive ligands and 
analytes retain their native states. The second issue concerns the effect of the coupling 
chemistry, which might compromise the function of the ligand. In other words, the 
immobilisation technique used should not impose any conformational changes on the 
ligand and preserve its native state. Thirdly, the ligand needs to be immobilised with an 
orientation such that its active site is accessible to approaching analytes. The first demand 
is met by the presented PEG matrix in that it offers an environment that preserves the 
conformation of biomolecules, which are otherwise easily denatured. The second and 
third issues are dependent on the ligand and the coupling chemistry. The carboxyl groups 
obtained in the PEG matrix may subsequently be used for immobilisation of ligands, 
directly or indirectly. As mentioned above (section 3.4), monomers containing carboxyl 
groups exist, but they are too short to be accessible to large ligands (and large analytes if 
small ligands are immobilised) when used in the PEG matrix. In other words, it is 
important that the spacer arm is long enough to present the ligand properly.74 If it is too 
short, the ligand may be prevented from interacting with the active site, which may be 
buried in a deep binding pocket of the analyte. It should also be noted that the 
characteristics of the binding pocket varies between proteins and alkyl or peptide spacers 
may, in some cases, be more suitable to use than EG.75,76 

The procedure employed to introduce carboxyl groups in the PEG matrix and a 
convenient immobilisation strategy are seen in Figure 3.5 A and B, respectively. The 
depicted amine coupling chemistry is based on the formation of the active NHS ester and 
is mediated by the presence of N-ethyl-N'-[3-(dimethylamino)-propyl]carbodiimide 
(EDC). An example where these methods have been employed is given in Figure 3.6. In 
some instances, site-selective immobilisation of the ligand is desired in order to assure 
proper presentation and accessibility of the active site and/or retain its biological 
function. Ligands that expose several primary amine groups (which is common in 
proteins) are therefore sometimes unsuitable for amine coupling. In other cases, the 
ligand might lack primary amines altogether. Alternative approaches may then be 
employed. Various heterobifunctional linker molecules, containing one primary amine and 
a second group with another functionality, are available for indirect immobilisation of 
ligands. There is an abundance of coupling chemistries and all of them can not be covered 
here. However, common examples of useful functional groups include pyridyl disulfide 
(coupling of thiol via sulfhydryl-disulfide exchange reaction), maleimide (coupling of thiol 
under formation of a thioether linkage), aryl azide (covalent binding upon photoactivation 
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under the release of nitrogen), biotin (binds the quadrivalent avidin strongly and enables 
immobilisation of biotin-labelled species), single stranded DNA tags (binds to their 
complementary DNA strands) and NTA (chelates nickel ions which coordinate histidine 
tagged molecules). Additional examples of immobilisation strategies are found in a 
comprehensive guide by Hermanson et al.77 
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Figure 3.5. A: Carboxylation of a hydroxyl group using bromoacetic acid and sodium hydroxide. B: Activation 

of a carboxyl group with NHS, mediated by EDC, and subsequent immobilisation of a ligand containing a 

primary amine.  
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Figure 3.6. Biomolecular interactions in a PEG matrix studied with SPR. Activation with EDC/NHS (I) is 

followed by immobilisation of a biotin ligand containing a primary amine (II). Deactivation with ethanol 

amine (III) is carried out before streptavidin is injected (IV) and finally, a biotinylated serum albumin is 

introduced (V). The matrix was prepared on a cycloolefin polymer film, which was spin-coated onto a gold 

substrate.  
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3.4.2 Patterns and gradients 
Since the present graft polymerisation utilises light, patterns like arrays and 

gradients are easily created. Patterning is facilitated by quartz/chromium photomasks that 
only allow graft polymerisation in the areas where the mask is transparent. It is possible to 
generate patterns in the low µm range when using collimated light, but even with non-
collimated light, feature sizes down to at least 100 µm may be created with good 
resolution. By keeping the monomer solution layer thin (~30 µm) and putting the 
patterned side of the photomask towards the sample in the sandwich assembly, stray light 
is minimised. Due to the versatility with respect to substrate materials and the lack of 
need for initiators, this method supports the formation of layered structures by multistep 
grafting (i.e. grafting onto an already graft polymerised matrix). The use of different 
monomer mixtures may find interesting applications, in particular when combined with 
the patterning capabilities. Preparation of microarrays for biosensor applications (e.g. 
protein chips), as described in Paper IV and V, are conveniently carried out. In Figure 3.7 
a summary of different pathways for pattern grafting and routes for carboxylation is 
shown. In pathway I, a PEG matrix is graft polymerised in a patterned format onto for 
instance a methoxy-terminated OEG-containing thiol or silane SAM. This approach relies 
on a protein resistant SAM, while pathway II and III are applicable on a range of 
substrates since a homogeneous matrix, graft polymerised from methoxy-terminated PEG 
methacrylates, is used to cover the underlying surface. In a subsequent step, a PEG matrix 
is patterned onto the methoxy PEG matrix. Route (a) is based on carboxylation with 
bromoacetic acid as depicted in Figure 3.5 A and because hydroxyl groups are only 
present in the grafted patterns, the reaction is restricted to these areas. In route (b), 
carboxyl-containing monomers are used in the patterning step, making post-carboxylation 
redundant. Using either of pathways I-III, ligand immobilisation can be made possible 
exclusively in microarray spots and a certain degree of ‘sloppiness’ during 
microdispensing can be tolerated since spill over into the surrounding framework is easily 
rinsed away afterwards. This approach presents a very convenient way of fabricating 
microarrays containing spots with a high degree of integrity, as illustrated in Figure 3.8. 
Pathway IV leaves areas in the non-grafted regions that need to be passivated with for 
instance serum albumin before use in protein chip applications. Figure 3.9 shows an 
imaging SPR measurement on a sample, prepared via pathway I and route (a), where 
fibrinogen and serum albumin have been immobilised in two separate spots using amine 
coupling and microdispensing. During the experiment, anti-fibrinogen and anti-serum 
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albumin were sequentially injected into the flow channel (using similar experimental 
parameters as in Paper II). As seen, the antibodies interacted specifically with their 
respective partner and no non-specific binding was detected.  
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Figure 3.7. Summary of patterning opportunities, using photo-induced graft polymerisation, and 

carboxylation routes.  

 

 

 
 

Figure 3.8. Fluorescence microphotograph of a PEG matrix in a patterned format, prepared via pathway III 

and route (a) in Figure 3.7. The fluorescent probe dansyl cadaverine was immobilised exclusively in the spots, 

using amine coupling, since the methoxy-terminated PEG matrix in the surrounding framework can not be 

carboxylated nor activated. The spots are 200 µm in diameter and are separated by 50 µm and were prepared 

using an 18 W non-collimated Hg light source. 
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Figure 3.9. Imaging SPR measurements from two separate 200 µm spots, in which fibrinogen (upper curve) 

and serum albumin (lower curve) were immobilised, respectively. The vertical dotted lines mark the start of 

the injections of anti-fibrinogen (1) and anti-serum albumin (2). The PEG matrix was prepared and 

carboxylated via pathway I and route (a), respectively, in Figure 3.7. Data published with courtesy of Olof 

Andersson. 

 

Figure 3.10 shows atomic force microscopy (AFM) images of single spots in 
microarrays of different dimensions as well as a set of narrow lines. There is a notable 
difference between the appearances of the spots in A and B, an occurrence which is likely 
to be associated to the use of light sources of different power. A plausible explanation is 
that the more pronounced edge seen in B is a consequence of a more rapid 
polymerisation speed (due to irradiation from a more powerful lamp than that used in A), 
which leads to a higher rate of monomer consumption. In effect, there should then be 
less competition for monomers at the rim of a spot because of a steady inward flow of 
monomers from the top as well as from the surrounding, non-illuminated, parts. As a 
result more efficient grafting occurs in these regions, compared to the centre of the spot. 
Put otherwise, the supply of monomers may be diffusion limited at the seemingly higher 
polymerisation rate obtained when using a more powerful light source. The fact that 
different pathways (Figure 3.7) were used is considered to have a minor influence on the 
results in these cases.  

Apart from patterns, matrix gradients with respect to thickness can be formed. An 
approach, which has been used successfully in Paper III-V, is based on a slowly moving 
shutter, which uncovers the sandwich assembly during UV irradiation. Figure 3.11 shows 
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the general experimental setup along with a schematic illustration of a photomask. In 
Figure 3.12 a spatially resolved series of IRAS measurements on a PEG matrix gradient, 
graft polymerised onto an OEG-containing thiol SAM, are assembled into a 3D plot. This 
approach may be used to extract information concerning protein permeability of the 
matrix, by probing the amount of protein and relate it to the thickness of the matrix. It 
would therefore be a valuable tool in work, involving optimisation of the matrix porosity, 
aimed at meeting demands ranging from full protein permeability to complete exclusion 
(or entrapment). Exclusion of large molecules is desired during studies of small molecules 
in for instance glucose measurements and enzymatic reactions. Furthermore, matrix 
gradients may be used for studies that give information on any variations in the resulting 
matrix structure during the course of graft polymerisation. A comparison between 
infrared (IR) spectra obtained from a thin and a thick part of a PEG matrix gradient 
(Figure 3.13) indicates that such variations occur to a very small or negligible extent in the 
described method, since a matrix containing considerable amounts of structurally 
different chains (as a result of branching and/or cross-linking) would most likely display 
an altered IR signature. 
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Figure 3.11. A: Graphic illustration of the sandwich assembly used during grafting as well as the shutter, 

which enables the formation of a gradient. B: Quartz/chromium photomask with a selection of patterns. 

Figure 3.10. Images acquired using AFM. A: A 100 µm spot prepared via pathway III (Figure 3.7) using an 18 W 

non-collimated Hg light source (8 min). B: A 20 µm spot prepared via pathway IV (Figure 3.7) using a 100 W 

collimated Hg light source (10 min). C: 5 µm lines prepared using the same parameters as in B. Silica 

substrates, spin-coated with a cycloolefin polymer, were used in all cases.  

3.4.2 Patterns and gradients



 

 - 28 -

The possibilities to generate patterns and gradients may be combined to produce 
arrays of spots with a varying thickness. This concept was demonstrated in Paper IV and 
was also used in Paper V in real-time imaging SPR measurements to further study the 
protein permeability of the PEG matrix. Figure 3.14 displays an example of a spot 
gradient and its corresponding thickness profile. The profile reveals that the top of the 
spots slope towards the short exposure end of the gradient. As previously mentioned 
(section 3.4), the non-irradiated area – in this case under the shutter – seem to act as a 
reservoir for inhibiting species, which may diffuse into the exposed areas. When a spot 
gradient is being prepared, the graft polymerisation will therefore be less efficient in the 
part of the spots facing the shutter. Moreover, the spot gradient approach may be used as 
a tool for spot thickness optimisation, which offers a means of adjusting the level of the 
output signal to suit different combinations of read-out techniques and molecular 
interactions. In the field of protein microarraying, large variations in molecular size of the 
analyte and/or affinities to the ligand is a frequently encountered nuisance that make high 
demands on the dynamic range of the transducer technique used to read the microarray.78 
The use of a spot gradient might be a convenient route to meet these demands (i.e. to 
more efficiently utilise the dynamic range of the setup) on a single chip, by 
accommodating ligands for large analytes/high affinity interactions in thin (low capacity) 
spots and ligands for small analytes/low affinity interactions in thick (high capacity) spots.  
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Figure 3.12. Spatially resolved 3D plot of IR measurements along a PEG matrix gradient graft polymerised 

onto a methoxy-terminated OEG-containing thiol SAM. The matrix was carboxylated via route (a) in Figure 

3.7. 
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Figure 3.13. Comparison of IR spectra from measurements on thin and thick parts of a matrix gradient, 

prepared via pathway IV (Figure 3.7) onto a gold substrate, spin-coated with a cycloolefin polymer.  
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Figure 3.14. A: Ellipsometry image of a PEG matrix spot gradient graft polymerised onto polystyrene (in turn 

spin-coated onto a silica substrate activated with 3-methacryloxypropyltrimethoxysilane), using pathway III 

in Figure 3.7. Note that the spots shaped like a cross, a square and a triangle aid alignment of the sample 

between different experiments. B: Thickness profile from the upper row of spots in A. Image and profile 

published with courtesy of Tobias Ekblad.  
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CHAPTER 4 
 
 
 

4. Experimental techniques 
 
 
 
 
 
 
 
In this chapter the main experimental techniques used in this work are presented in brief.  
 

4.1 Null ellipsometry  

Ellipsometry79 is an optical technique, which enables characterisation of planar 
substrates in terms of their optical properties (i.e. refractive index) and it is frequently 
used to determine the thickness of thin films, deposited on surfaces. It is based on the 
principle that the polarization state of light changes upon reflection at a surface. After 
measuring the change in polarization, the film thickness can be calculated with a typical 
resolution of ~1 Å. A commonly used setup is the polarizer compensator sample analyser 
(PCSA) null ellipsometer (Figure 4.1) where monochromatic light is sent through a 
polarizer and a compensator before it is reflected at the sample surface. After passing the 
polarizer the light is linearly polarized. The compensator, which is a quarter-wave plate 

normally fixed at ±45°, induces a phase shift between the s- and p-polarizeda 
components, resulting in elliptically polarized light. At the surface reflection, an additional 

phase shift (∆ ) is induced along with a relative amplitude change (tanΨ ). The reflected 
light passes through a second polarizer, denoted analyser. Lastly, a detector measures the 

                                                 
a Historically, s and p are German abbreviations for senkrecht (perpendicular) and parallel (parallel), respectively. 
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intensity of the light transmitted through the analyser. During measurements, the angle of 
the (first) polarizer is adjusted until the incident elliptically polarized light (after passing 
the polarizer and compensator) becomes linearly polarized after the reflection. The 
analyser is able to quench linearly polarized light and does so at a certain angle only. This 
is an iterative process that continues until zero intensity is detected (i.e. the null condition 

is satisfied). The values of ∆ and Ψ may then be determined from the compensator, 

polarizer and analyser angles. The parameters ∆ and Ψ enable calculation of the thickness 
of a film, using for instance the McCrackin algorithm,80 provided that the refractive 
indices of the substrate, the ambient and the film are known. 
 The lateral resolution is determined by the cross section and the angle of the 
incident beam, and is normally in the order of 1 mm2. By replacing the detector unit with 
a charge-coupled device (CCD) camera and providing the system with an objective, 
topographic images with lateral resolution in the low µm domain can be acquired.81  
 

Rotatable analyser

Rotatable polarizer

P
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Figure 4.1. Schematic overview of the polarizer compensator sample analyser (PCSA) null ellipsometer.  

 

4.2 Contact angle goniometry 

Contact angle goniometry82 is a quick method that gives qualitative information 
about the surface. By applying a liquid droplet on a surface and measuring the contact 
angle, some of the surface properties are revealed. A low value of the angle θ (defined in 
Figure 4.2) implies a high-energy surface, while a high value signifies a low-energy surface. 
Information of this kind can indicate the orientation of molecules in SAMs or the effect 
of plasma treatment for instance.  

Dynamic measurements are commonly conducted, whereby two angles are noted 
for each measurement. These are called advancing angle (θa) and receding angle (θr), and 
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the principle is shown in Figure 4.2. The hysteresis between θa and θr is considered to be 
dependent on several factors. Surface roughness is an important contributor as well as 
chemical inhomogeneities and contaminations. It is also likely that the flexibility of the 
outermost part of a film can influence the value of the hysteresis.  
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Figure 4.2. The principle of contact angle goniometry.  

 

4.3 Infrared spectroscopy 

Infrared light excites vibrational motion of the nuclei in molecules. Covalent 
bonds in molecules are the result of interactions between the electron clouds of the 
participating atoms. The distance between the nuclei is dictated by the equilibrium 
between two opposing terms; attraction between the nuclei and the electrons of the 
different atoms and repulsion between the nuclei. A simple, yet useful model is to 
consider a covalent bond as a simple spring which obeys classical mechanics. Therefore, a 
molecular vibration can be described by a harmonic oscillation and the potential energy 
plotted against internuclear separation has the shape of a parabola. The frequency (ν) of a 
molecular vibration is then given by:83  
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1

m
k

π
ν =   where 

BA mmm
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*
1 +=      (4.1) 

 
and k is the force constant and m* the reduced mass of the participating atoms A and B. 
At the atomic scale, quantum mechanical effects have to be considered and for harmonic 
oscillations, the allowed vibrational energy levels (En) are quantised according to:84 
 

½)( += nνhEn  where n = 0, 1, 2…       (4.2) 
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and h is Planck’s constant and n signifies the vibrational quantum number and the 
corresponding energy level. Infrared light lies in the µm-mm range of the electromagnetic 
spectrum and the corresponding energies coincide with the energy levels involved in 
molecular vibrations. The energy in IR light is only absorbed by molecules that change 
their dipole moment µ during the motion of a vibrational mode.84 This may be expressed 
in the more compact form:  
 

0≠=
i

i r
µ
∂
∂M           (4.3) 

 
where Mi is the transition dipole moment for the mode i with the vibration coordinate ri. 
Apart from Mi, the energy absorbance (A) depends on the magnitude of the electric field 
(E ) of the IR radiation and the angle (ψ) between E and the principal axis of vibration 
(along Mi):85  
 

ψA ii
2222 cosEMEM =•∝        (4.4) 

 

4.3.1 Infrared reflection absorption spectroscopy 
 Infrared reflection absorption spectroscopy is extremely sensitive and allows for 
detection of submonolayers on highly reflective metals. Hence, it is very useful for studies 
of ultrathin layers such as SAMs and Langmuir-Blodgett films. Information about the 
orientation and conformation of groups and molecules, molecular packing, chemical 
composition, coverage and thickness of monolayers can be extracted from the obtained 
reflection absorption spectra.  

To understand the principles of IRAS,86 the electrical components of the light 
need to be discussed in some detail. The electric field of electromagnetic radiation 
incident at an angle (θ.) with respect to the surface normal can be divided into two 
components, as seen in Figure 4.3. The incident s-polarized component (Eis) is 
perpendicular and the incident p-polarized component (Eip) is parallel to the plane of 
incidence, respectively. Upon reflection at a surface, the electrical components go through 
phase shifts to an extent determined by θ, the wavenumber ( ν~), the state of polarization 
and the properties of the substrate material. In the case of reflection at a gold surface, the 
impact of variations in θ and ν~ on the s-component is small and its phase shift deviates 
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only to a very small extent from 180º within the IR range (Figure 4.4 A).87 In other words, 
the s-component of the light cancels itself at the point of reflection and hence, its 
contribution to A in Equation 4.4 is negligible. In practice, Eis is normally removed by a 
polarizer before it reaches the sample. The phase shift of the p-component, on the other 
hand, is more sensitive to changes in θ. The wavenumber of the light also has an effect on 
the phase shift – especially pronounced for angles of incidence in the range 80-90º – 
which is evident in Figure 4.4 A. Here, an interesting property of metal substrates comes 
into play; metals allow very high angles of incidence without large phase shifts (for 
comparison, on glass the phase shift of the p-polarized component is 180º for angles of 
incidence greater than the Brewster angle,79 leading to cancellation of the p-component at 
the point of reflection). A phase shift of 90º is optimal for the p-component and is 
obtained for grazing angles of incidence.87 Such large values of θ also lead to a beneficial 
geometry where the components Eip and Erp are nearly perpendicular to the surface and 
thus have large normal components. Since the reflection coefficient is close to unity for 
the commonly used metals, constructive interference between the two gives a resulting E-
field perpendicular to the surface (ER) almost reaching twice the magnitude of Eip (sum of 
Eip and Erp), under optimal conditions. The solid line in Figure 4.4 B describes the 
behaviour of ER, normalised with Eip. However, when θ approaches 90º, ER goes to zero 
since the phase shift approaches 180º and thus the p-components cancel each other. 
When θ approaches zero, ER again goes to zero since Eip and Erp become parallel to the 
surface and thus their normal components disappear. Therefore, |ER| passes through a 
broad maximum.88 
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Figure 4.3. The electric vectors of the incident light upon reflection at a metal substrate. The incident angle is 

θ and Eip and Erp interfere constructively and result in ER, while Eis and Ers cancel each other at the point of 

reflection.  
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Figure 4.4. A: The phase shifts of s- and p-polarized light as a function of the incident angle, calculated by 

combining the Fresnel equations and Snell’s law.79 The dependence of the wavenumber is revealed in 

comparison between the solid (2823 cm-1) and dashed lines (1008 cm-1). Refractive indices of 2.141+21.9i and 

12.24+54.7i,89 respectively, were used for the gold substrate at these wavenumbers. B: The solid line shows 

the behaviour of |ER| normalised with the angle-independent |Eip|. The dashed line corresponds to the driving 

force for the vibrational excitation, which combines the effects accounted for in the solid line with the square 

dependence of A on |ER| and the surface enlargement of the beam area on the substrate. A refractive index 

for gold of 4.007+31.7i89 (which corresponds to 1936 cm-1) was used for the calculation of the curves. 

 

The resulting A is dependent on |ER|2 (cf. Equation 4.4) and the size of the area 
over which the field ER is exerted. The enlargement of the beam area on the substrate 
surface is described by 1/cos θ, which increases rapidly when θ goes to 90º.88 The dashed 
curve in Figure 4.4 B represents the driving force for vibrational excitation, which 
accounts for the phase shift dependence, the incidence dependence of the normal 
electrical components, the surface enlargement factor and the square dependence of A on 
the E-field. The driving force reaches a maximum for θ around 88º, depending on the 
substrate material and ν~ of the incident radiation, but for practical reasons the angle of 
incidence is typically chosen to be 85º.  

The fact that the resulting E-field is perpendicular to the substrate, at the 
reflection, is very useful since it renders the possibility to determine the orientation of 
molecules on the surface. This is one of the great advantages with IRAS and after 
consulting Equation 4.4, a surface dipole selection rule can be formulated: “only the 
vibration modes in adsorbed molecules that have a transition dipole moment with a 
component perpendicular to the surface can be seen in IRAS”. The surface selection rule 
can be written as: 
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ψA 22
i

22
i cosˆˆ MnMn =•∝        (4.5) 

 
where n̂  is the substrate normal. In this case ψ is the angle between Mi and n̂  (which has 
the same direction as ER). 

An IR microscope equipped with a grazing angle objective is capable of 
performing IRAS measurements on areas in the µm domain. Due to the angle of the 
incident light, the probed area is highly elliptical. Consequently, the highest resolution is 
obtained in the direction perpendicular to the plane of incidence (along the minor axis of 
the ellipse). This setup enables the study of gradients and patterns or otherwise 
heterogeneous samples.  
 

4.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is often referred to as electron 
spectroscopy for chemical analysis (ESCA) and can be used to obtain detailed 
information about chemical composition, structure, coverage and orientation of 
molecules or groups.90 The major drawbacks are that it is a time-consuming, partly 
destructive technique. The sample is positioned in ultra high vacuum and is exposed to a 
beam of monochromatic X-rays. The energy (hν) from the X-rays causes photoemission 
of core electrons from atoms in the surface region of the sample. Since the binding 
energy (Eb) of the electrons varies between different elements, the magnitude of 
measurable kinetic energy (Ek) of the ejected electrons can consequently be used for 
elemental analysis. The following expression derived from the photoelectric effect91 is 
used to determine Eb: 
 

φEEνh kb ++=          (4.6) 

 
where φ is the work function of the sample. The intensity of the photoemitted electrons is 
proportional to the amount of element, making compositional analysis possible. In fact, 
XPS is one of the most reliable techniques for compositional analysis of surfaces and thin 
films. The binding energy of an electron is influenced by its chemical environment, which 
induces chemical shifts that can be used to extract information about the molecular 
structure. This is a simplified description of the energetic relations, which does not 
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account for the fact that φ is actually dependent on the instrument rather than the sample, 
since they are electrically connected. For more comprehensive information on the topic, 
the monograph by Siegbahn et al.92 is recommended.  

The kinetic energy of the ejected electrons is commonly measured with a 
hemispheric energy analyser. It consists of two electrically isolated hemispheres with a 
potential difference between them. Only electrons possessing a chosen energy will pass 
through without being absorbed by either of the hemispheres. Depending on whether the 
electrons have deficit or excess energy they will hit the inner or outer hemisphere, 
respectively. In order to choose the energy to detect, a retard plate with an adjustable 
negative charge is used. When passing through the retarder, electrons are slowed down 
and thus it is possible to scan over a range of energies and measure the energy of the 
emitted electrons.  

Furthermore, by measuring at several different take-off angles (TOAs), the 
compositions at different depths can be determined; information that may be used to 
reveal the orientation of molecules or groups. At a high TOA electrons originating from 
the bulk region get a longer path through the sample material, compared to electrons 
ejected from the surface, and as a result more of them are scattered and fewer reach the 
detector. In other words, at high TOAs the surface is being exclusively probed, while at 
low TOAs information is collected both from the surface and the bulk. 
 

4.5 Atomic force microscopy 

Atomic force microscopy93 produces topographic images of both conducting and 
non-conducting sample surfaces by monitoring the interaction force between the surface 
and a very sharp tip. The tip (also termed probe) is positioned at the end of a thin, flexible 
cantilever to allow vertical displacement of the tip, induced by attractive and repulsive 
interactions with the surface. The other end of the cantilever is fixed in a holder. The 
commercially available cantilevers are typically microfabricated from silicon or silicon 
nitride and measure 100-300 µm in length, 10-30 µm in width, 0.5-3 µm in thickness and 
have a spring constant ranging from 0.01 to 100 N/m. The sharp point of the tip 
normally has a radius of around 10-20 nm, which determines the resolution of the 
obtained images. A piezoelectric scanner is used to move the tip, or in some cases the 
sample. These setups enable accurate scanning over areas typically up to 120 × 120 µm. 
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The position of the tip is normally determined by a laser beam that is reflected at the top 
of the cantilever and registered by a detector.  

There are two principal modes of operation for AFM measurements. During 
constant force interaction, the scanner receives a feedback control signal from the 
position detector and adjusts the tip (or sample) height accordingly, in order to keep the 
interaction force constant. From the scanner adjustments, topographic data can be 
extracted. In constant height mode, the vertical position of the sample remains constant 
and the variations in interaction force between probe and surface provides the 
topographic information. In many biological applications problems occur since fragile 
structures on the surface are damaged by the shear forces induced by the scanning tip. To 
lessen this effect, a vertical oscillation of the cantilever is often used. As the distance 
between the surface and the tip changes, the oscillation amplitude varies. The changes in 
amplitude are used to describe the topography or as feedback control signals depending 
on the mode of operation. This method is normally denoted tapping mode and as the 
name suggests, the probe taps the sample, rather than being dragged along it. Shear forces 
are therefore greatly reduced and vulnerable samples are spared. It should be noted that 
different sample materials do not interact with the tip to the same extent given the same 
distance. This is particularly important to bear in mind when probing heterogeneous 
surfaces, in order to avoid faulty interpretations.  
 Another interesting feature of AFM is the possibility to estimate the bonding 
strength between two (biological) species. In order to do so, one of them is immobilised 
on the probe and the other one on the surface. Thereafter, the tip and the surface are 
brought together and the force needed to separate them can be measured. In this way, the 
force to rupture a bond between two single molecules can be determined.94,95  
 

4.6 Quartz crystal microbalance 

Quartz crystal microbalance is a gravimetric technique based on an oscillating 
transducer and is sensitive to mass changes. In the biosensor field, it is used for real-time 
studies of biomolecular interactions taking place on surfaces immersed in liquid.96 A 
QCM transducer consists of a piezoelectric quartz crystal plate on which metal electrodes 
have been deposited on both sides. An alternating potential difference applied over this 
type of crystal induces longitudinal waves. The crystal plate will resonate at frequencies 
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such that an odd integer of half wavelengths equals its thickness.97 The fundamental 
resonance frequency corresponds to one half wavelength, while three half wavelengths 
corresponds to the first overtone, five half wavelengths to the second overtone and so on. 
As indicated, the resonance frequency is dependent on the thickness of the crystal and is 
normally in the MHz range. A mass change on the surface of the plate will result in a shift 
in the resonance frequency. The Sauerbrey98 model from 1959 is commonly used to relate 
the measurable frequency shift (∆f ) to the corresponding mass change (∆m) and is given 
by: 
 

qq
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0

νρA
m∆f2

f∆ −=          (4.7) 

 
where f0 is the resonance frequency, A the area on which ∆m takes place, ρq the density of 
quartz and νq the shear wave velocity of quartz. Drift due to temperature changes is 

minimised by cutting the crystal with an angle of 35°10’ with respect to the optical axis, a 
so-called AT-cut. In 1982, Nomura et al.99 demonstrated an instrumental setup for use in 
liquids and in the late 1980’s the QCM technique was used as a biosensor.100 When 
monitoring protein interactions in aqueous solutions, it is important to keep in mind that 
this type of biomolecules associates a large amount of water molecules. This occurrence 
has been addressed in several studies and responses up to between 1.5 and 4 times larger 
than expected have been reported.101-105 The sensitivity of the technique is thus enhanced 
in such cases.  
 

4.7 Surface plasmon resonance 

The SPR technique is commonly used for biospecific interaction analysis close to 
surfaces in real-time.106 Information about interaction specificities, affinities, association 
and dissociation rate constants may be extracted. A liquid handling system is used to 
introduce ligands for immobilisation and analytes for interactions. These events cause 
changes in the dielectric function close to the surface. The SPR technique is based on 
optical detection and the sensing signal reflects the variation in the dielectric function via 
an excited surface plasmon. A surface plasmon is a coherent surface charge density wave, 
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confined to a metal surface.107 The propagation vector (ksp) of an excited surface plasmon 
can be approximated by:108 
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         (4.8) 

 

where ω is the angular frequency of the incoming light, c the speed of light, '
mε the real part 

of the dielectric function of the metal film and εa the dielectric function of the ambient. 

The approximation in Equation 4.8 assumes an imaginary part ( ''
mε ) equal to zero, which 

is valid in most cases since '''
mm εε >> .108 Electromagnetic radiation is used to excite the 

surface plasmon via an evanescentb field. In order to do so, radiation with incident angles 
(θ.) greater than the critical angle (θc) is used with an attenuated total reflection coupler, 
such as the commonly used Kretschmann arrangement109 (Figure 4.5). In principle, such a 
setup consists of a prism with a relatively high refractive index with a metal film deposited 
onto it. The component of the wave vector of the incoming light which is parallel to the 
surface is denoted kx and described by:109 

 

θε
c
ωk px sin=          (4.9) 

 
where εp is the dielectric function of the prism. The thin metal film (typically around 450 
Å) is penetrated by the evanescent field, which excites a surface plasmon at the metal-
ambient interface. The propagation vector ksp depends on εa and hence on the contents of 
the flow channel, while kx depends on εp and the angle of the incoming light. When ksp 
and kx are equal, and thereby in resonance, Equation 4.8 and 4.9 may be combined. It is 
then evident that θ is related to εa. The resonance results in an intensity drop for a certain 
angle of the reflected light (Figure 4.6) and a dark band is detected. Interactions between 
ligands and analytes, induce changes in εa and thus in θ, which is observed as shifts of the 
angle of the dark band. This shift is denoted ∆θ and is the output signal. Moreover, the 
SPR technique can be extended to provide measurements with lateral resolution, by using 
an imaging detector.110 
 

                                                 
b Evanescent is derived from the Latin evanescere, which means vanishing. 
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Figure 4.5. Schematic illustration of the Kretschmann setup for optical excitation of surface plasmons.  
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Figure 4.6. Schematic illustration of an SPR setup for monitoring molecular interaction in a flow channel. 

Incoming light with a set of incident angles is passed through a prism before it hits the metal film. The 

intensity drop for a certain angle is seen as a dark band. The output signal is the shift Δθ of the dark band, 

observed with a photo diode detector.  

 

The magnitude of the evanescent field decreases as the distance from the metal-
ambient interface increases. Often, the penetration depth dp is defined as the distance 
from the interface to where the evanescent field has decayed to 1/e of that at the 
interface. For example, when the wavelength of light is 632.8 nm, the metal is gold and 
the ambient water, the resulting dp is around 190 nm.106  
 

Chapter 4. Experimental techniques 
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