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Abstract 
 

This licentiate thesis is focused on two methods for protein immobilization to biosensor 

surfaces for future applications in protein microarray formats. The common denominator 

is a surface chemistry based on a gold substrate with a self-assembled monolayer (SAM) 

of functionalized alkanethiolates. Both methods involve photochemistry, in the first case 

for direct immobilization of proteins to the surface, in the other for grafting a hydrogel, 

which is then used for protein immobilization.  

 Paper I describes the development and characterization of Chelation Assisted 

Photoimmobilization (CAP), a three-component surface chemistry that allows for covalent 

attachment and controlled orientation of the immobilized recognition molecule (ligand) 

and thereby provides a robust sensor surface for detection of analyte in solution. The 

concept was demonstrated using His-tagged IgG-Fc as the ligand and protein A as the 

analyte. Surprisingly, as concluded from IR spectroscopy and surface plasmon resonance 

(SPR) analysis, the binding ability of this bivalent ligand was found to be more than two 

times higher with random orientation obtained by amine coupling than with homogeneous 

orientation obtained by CAP. It is suggested that a multivalent ligand is less sensitive to 

orientation effects than a monovalent ligand and that island formation of the 

alkanethiolates used for CAP results in a locally high ligand density and steric hindrance. 

 Paper II describes the development of nanoscale hydrogel structures. These were 

photografted on a SAM pattern obtained by dip-pen nanolithography (DPN) and 

subsequent backfilling. The hydrogel grew fast on the hydrophilic patterns and slower on 

the hydrophobic background, which contained a buried oligo(ethylene glycol) (OEG) 

chain. Using IR spectroscopy, it was found that the OEG part was degraded during UV 

light irradiation and acted as a sacrificial layer. In this process other OEG residues were 

exposed and acted as new starting points for the self-initiated photografting and 

photopolymerization (SIPGP). A biotin derivative was immobilized to the hydrogel 

density pattern and interaction with streptavidin was demonstrated by epifluorescence 

microscopy. 
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1. Introduction 
 

Biosensors are used today not only in health care but also in the food industry and for 

environmental or security monitoring. Hence there are many incentives to further improve 

the sensitivity, selectivity and stability of these devices. The work presented in this thesis 

is a contribution to this development. It concerns the design and characterization of 

different surface chemistries with potential use in the area of optical biosensing. 

 One of the first biosensors described was an enzyme electrode for measurement of 

glucose [1] which later developed into the blood glucose meter used by diabetics today. 

Since then the development of biosensors has continued and diversified and the 

International Union of Pure and Applied Chemistry (IUPAC) now defines a biosensor 

(Figure 1) as a self-contained integrated device that provides quantitative analytical 

information using a biological recognition element (biochemical receptor) in contact with 

a transduction element [2]. Furthermore, a distinction is made between biosensors, 

bioanalytical systems and single-use biosensors. A bioanalytical system requires 

additional processing steps (such as addition of reagents) and a single-use biosensor (e.g. 

pregnancy test, glucose meter test strip) is disposable and cannot monitor analyte 

concentration continuously. Using this definition, the work presented in this thesis should 

be classified as work concerning surface modifications for bioanalytical systems rather 

than for actual biosensors. However, the scientific community usually adopts the more 

general definition of a biosensor as an analytical device combining a biochemical element 

with a transducer element for converting the response into an electronic signal.  

 The mode of biosensor transduction could be e.g. optical, electrochemical or 

piezoelectrical, meaning one could measure photons, electrons or resonance frequency, 

respectively. In this thesis, mainly optical detection techniques have been used for surface 

characterization as well as for detection of biomolecular interaction. The developed 

surface chemistries are, however, compatible with other modes of transduction. 

 Finally it should be noted that in this thesis, as is conventional in the field of 

biodetection, the biochemical recognition element is referred to as the ligand and the 

biomolecule to be detected in the sample solution is referred to as the analyte.  
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Figure 1. The definition of a biosensor is a biological recognition element in contact with 
a transducer element which detects a physical, chemical or electrical change when the 
recognition element binds analyte from solution.   
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2. Challenges in biosensor development 
 

A protein is formed by one or several chains of amino acids joined by peptide bonds. The 

chains are folded into a tertiary structure that is usually essential for the function of the 

protein in for example catalysis, cell signaling or immune response. In order to develop 

well-functioning biosensors, the binding capability of the immobilized protein needs to be 

retained and nonspecific (unwanted) binding of proteins must be reduced. A related issue 

is that of protein orientation. The immobilized ligand can fail to act as a recognition 

element if the analyte cannot reach it due to steric hindrance.  

 

2.1  Denaturation 
A protein in its native form has a hydrophobic core which is protected from interaction 

with water in the physiological environment. If the conditions are changed, the protein 

may unfold, whereby the binding site (where biomolecular interaction occurs) may be 

disrupted and the protein may lose its binding ability. A protein can unfold as a response 

to a change in the physical environment (such as temperature, pressure) or chemical 

environment (solvent, pH). Sometimes the denaturation is reversible [3]. 

 In Paper I, the protein immobilized to the sensor surface denatured upon drying 

causing loss of function. In this case, denaturation was avoided by incubation in a solution 

of trehalose dihydrate before drying. Trehalose is naturally produced in mammal cells as a 

response to stress and prevents protein denaturation. Therefore it is commonly used for 

protein stabilization although the mechanisms for this are not yet fully understood [4]. 

When spotting proteins in a microarray format, glycerol can be used to protect the protein 

from drying as the solvent quickly evaporates from the spotted droplets [5]. 

 

2.2  Nonspecific binding 
Spontaneous protein adsorption to biosensor surfaces is unwanted since it lowers the 

sensitivity and might obstruct the monitoring of the biomolecular interaction to be studied. 

Nonspecific binding occurs if the conditions are such that the adsorbed state of the protein 

is more energetically favorable than the aqueous state [6] and it is generally driven by 

electrostatic or hydrophobic interactions between proteins and the surface. Hydrophobic 

interactions are a problem especially when using complex biological fluids such as blood 
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plasma which contains a number of sticky proteins, e.g. fibrinogen. To reduce nonspecific 

binding, either the buffer solution or the sensor surface can be modified to minimize the 

unwanted interactions.  

 One alternative is to modify the buffer solution by increasing the salt concentration 

or adjusting the pH to minimize electrostatic interactions. Another alternative is adding 

surfactants to reduce the hydrophobic interactions [7]. Several amino acids can bind metal 

ions, and adding a chelating agent that acts as a metal ion scavenger can reduce metal ion 

dependent nonspecific binding.  

 Another solution is to cover the remaining exposed part of the surface after ligand 

immobilization with a biologically inert protein. Bovine serum albumin (BSA) is 

commonly used to block exposed surface areas so that the analyte only binds specifically 

to the immobilized ligand. 

 Generally, protein resistance is improved by the choice of chemical modification of 

the surface, such as self-assembled monolayers (SAMs, section 3.1) or hydrogels (section 

3.3). For example, SAMs containing sugar structures such as galactose and maltose [8, 9] 

have been reported to yield low nonspecific binding. For both SAMs and hydrogels 

however, oligo- or poly-(ethylene glycol) (OEG or PEG) is most commonly used [9-12] 

because of its excellent protein resistance properties. This is also the case in the two 

papers presented in this thesis. 

 The OEG molecular structure easily absorbs and retains water by forming hydrogen 

bonds (one water molecule per EG unit). It is believed that the protein resistance results 

from this water retaining ability which in turn depends on the molecular conformation [13]. 

Importantly, although OEG-containing surfaces have shown outstanding protein resistance 

properties in single-protein systems it does not automatically mean that they have the 

same properties in contact with complex biological media such as blood plasma [14]. 

   

2.3 Orientation of the recognition molecule 
The hypothesized impact of ligand orientation on analyte binding capacity is a hot topic of 

discussion in biosensor research. One intuitively understands that out of an assembly of 

randomly oriented ligands on a sensor surface, there will be a number of them that cannot 

bind analyte for steric reasons (Figure 2). In reality the situation can be more complex, as 

discussed in Paper I. 
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 Random orientation results from nonsite-specific immobilization methods, e.g. 

amine coupling (section 4.1). Controlled ligand orientation on surfaces can be achieved by 

allowing a protein with a specific region or tag (e.g. a carbohydrate residue, the Fc region 

of IgGs or a biotin-tag) to interact with its surface immobilized affinity partner (lectin, 

protein A/G and avidin, respectively) [15, 16]. Using thiol coupling, antibody F(ab’) 

fragments can be oriented via the thiol group located on the opposite side of the antigen 

binding site. 

 Uniform orientation has often been preferred to random orientation based on the 

difference in absolute analyte responses, without taking into account possible differences 

in ligand immobilization level. However, there are studies where normalized ligand 

immobilization levels have been considered. These reports show that the orientation of 

immobilized antibody F(ab’) fragments can result in an increased antigen binding 

efficiency compared to when the fragments are randomly bound [17, 18]. Depending on 

the detection method used, a factor 2.7-11 difference was reported in these two studies. 

Bonroy et al [19] also used F(ab’) fragments but came to the opposite conclusion. In this 

case random orientation resulted in higher analyte binding efficiency with a factor 1.3 and 

a possible explanation given was crowding of the oriented ligand, since its immobilization 

level was twice that of randomly bound ligand. Using full-length antibodies Caruso et al 

[20] showed that depending on the antibody-antigen system, orientation could increase the 

analyte binding efficiency by a factor 1-2. Hence, it seems that larger differences are seen 

for monovalent ligands such as F(ab’) fragments than for bivalent ligands such a 

antibodies. Furthermore, a study on immobilization of full-length antibodies in a three-

dimensional matrix concluded that site-specific immobilization did not increase ligand 

activity compared to random immobilization methods [21]. Thus, the problem might be 

more relevant for two-dimensional sensor surfaces. In general, the results seem to be 

closely associated with both the ligand and the surface chemistry used. Therefore, 

normalization of the analyte binding signal based on ligand quantification will continue to 

be important when choosing the most proper surface chemistry and immobilization 

strategy for a specific ligand.  

 Paper I in this thesis contributes to this discussion by comparing nonspecific and 

site-specific immobilization methods to quantitatively evaluate the difference in analyte 

binding capacity between randomly and homogenously oriented ligand. 
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Figure 2. Illustration of the ligand orientation problem. A random orientation of ligand 
(left) results in some ligand molecules being unavailable for analyte binding. Therefore a 
controlled, homogenous orientation (right) is often desired.  
 
 
2.4  Miniaturization 
Miniaturization of biosensors is necessary to obtain high-throughput and low sample 

consumption. An attractive future application of biosensors is in the form of biochips, 

containing recognition elements in an array of thousands or possibly millions of micro- or 

nanometer sized structures. 

 There are several chemical strategies [22] and patterning methods [23] available for 

biochip fabrication. Microarrayers are used for direct spotting of a large number of 

recognition elements onto pretreated surfaces [24]. Photolithography and direct 

photopatterning (without photoresist) utilize patterning by light. The size of the obtained 

structures is limited by diffraction and in general resolution below that of the wavelength 

of the light used cannot be obtained. In future applications other techniques, e.g. parallel 

dip-pen nanolithography (DPN) could provide better resolution. 

 Paper I describes a surface photochemistry that can be used for protein patterning. 

DPN has been used in Paper II to create nanometer-sized structures, demonstrating a 

possible method for biochip fabrication.   
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3. Surface modification 
 

When the first biosensors were developed, simple approaches to protein immobilization 

were used, e.g. spontaneous protein adsorption onto a clean metal surface by hydrophobic 

interaction. This typically leads to unfolding of the protein (denaturation) and partial loss 

of function. Therefore, more gentle protein immobilization strategies have been developed 

by modifying the surface chemically with some sort of linker layer. Another reason for 

surface modification is to increase control of the surface properties and to provide a means 

of miniaturization in an array format.  

 

3.1  Self-assembled monolayers 
Self-assembly is the spontaneous formation of complex structures of molecules that are 

held together by non-covalent intermolecular interactions. A self assembled monolayer 

(SAM) is a single layer of molecules on a solid substrate, stabilized by hydrogen bonds, 

Coulombic interactions (electric forces), van der Waals forces (dispersion forces) or 

hydrophobic effects. SAMs can be formed from a wide variety of compounds – such as 

fatty acids, organosilicon or organosulphur compounds –  and on a wide range of surface 

materials – such as aluminum oxide, silver, silicon oxide, glass and gold, to name a few 

[25]. Alkylsilanes form a polysiloxane bond to silicon oxide surfaces and this technique 

has been widely used although it suffers from moisture sensitivity.   

 SAMs prepared from alkanethiol (sulfhydryl) molecules (Figure 3) chemisorbed on 

a gold surface was first described by Nuzzo and Allara [26]. The gold-sulfur binding is 

very strong and alkanethiols or alkane disulphides in solution spontaneously form a SAM 

on gold. After initial adsorption, which takes only a few seconds, an organization phase of 

several hours follows. For thiols with sufficiently long alkyl chains (more than 12 

methylene units), perfectly organized monolayers can be obtained. Gauche defects occur 

when the backbone chain is not fully extended, which disrupts the SAM packing. Due to 

intermolecular forces, defects are rare and occur mostly in the top part of the SAM. 

Because of the lattice structure of gold, typically Au(111), and the overlayer structure of 

the adsorbed thiolate molecules, there is a certain available area per molecule. Since the 

molecules are too small to occupy the whole area if they would be arranged 

perpendicularly to the surface, they tilt about 30º from the surface normal. Therefore, the 
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thickness of the SAM is smaller than the length of the adsorbed molecules. The 

terminating group of the alkanethiolate affects different surface properties, such as 

hydrophilicity [27], and can be used for further functionalization of the SAM, e.g. by 

covalent coupling or by grafting polymer chains to it via surface-initiated polymerization 

[28]. 

 For biosensors, different functionalities are needed for protein immobilization and 

reduction of nonspecific binding and therefore the formation of mixed monolayers 

assembled from a solution of different alkanethiols is more relevant than single-

component SAMs. It has been proposed that mixed monolayers are composed of phases or 

islands separating the different adsorbates. Early work concluded that no macroscopic 

islands were formed [29] and later studies have shown evidence of phase-separation in 

mixed SAMs [30-32].  

 The use of a SAM on a gold surface is one of the common denominators in the two 

included papers. All molecules used for self-assembly are presented in Figure 4. In Paper I, 

mixed monolayers were prepared by coadsorption of alkanethiols or alkane disulphides. In 

Paper II, more sophisticated methods (i.e. microcontact printing, dip-pen nanolithography 

and subsequent back-filling) were used for producing separate regions of single-

component SAMs. In both cases, ultraviolet (UV) light were used for further surface 

modification. Alkanethiolate SAMs on gold are photooxidized upon UV light irradiation 

in air, probably due to the photolysis of oxygen to reactive ozone [28]. Therefore, UV 

light experiments were performed under nitrogen gas flow. 

 

 
Figure 3. Schematic drawing of a SAM of hexadecanethiol (HDT) on a gold substrate.
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Figure 4. The molecules I-V were used for self-assembly in Paper I and are henceforth 
referred to as the (I) EG3, (II) NTA and (III) BP alkanethiols and the (IV) EG3 and (V) 
BPNTA alkane disulphides. The molecules VI-VIII were used in Paper II and are referred 
to as (VI) MHA, (VII) HDT and (VIII) EG6C16, respectively.  
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3.2  Dip-pen nanolithography 
Using the setup for atomic force microscopy (AFM, section 6.5) Piner et al [33] developed 

dip-pen nanolithography (DPN) for direct writing of thiol molecules on a gold substrate 

(Figure 5). In this method, the AFM tip is used as a pen and it is dipped in a solution (the 

ink) containing molecules that has affinity for the substrate (the paper). When the tip is 

brought in close contact with the substrate, molecules are transferred to the substrate by 

capillary force. In this way, molecular patterns can be written on the surface. The 

difference from microcontact printing and other lithographic techniques [34] is that DPN 

is slower but simpler and offers the possibility to print different molecules in different 

areas. DPN has been used to produce nanoscale arrays of polymers, DNA and even 

proteins on different substrates [35]. 

 In Paper II, DPN was used to write a pattern of an alkanethiol (VI, Figure 4) 

followed by backfilling of another alkanethiol (VII or VIII, Figure 4). Onto this SAM 

pattern a hydrogel was then grafted. 

 

 
 

Figure 5. Illustration of the DPN principle, adapted from [33]. The tip is dipped in a 
solution containing molecules which are then transferred to the substrate. 
 
 

3.3 Hydrogel photografting 
Polymer coatings can be produced either by tethering polymer chains to a substrate 

(“grafting to”) or by allowing polymerization of monomers to occur on the substrate 

(“grafting from”). While the first strategy provides control of the resulting surface 

structure, it is difficult to make thick coatings [36]. Therefore the latter approach is often 

used, although it too has weaknesses. For example, as monomers polymerize on the 

surface, the diffusion is limited and hence the resulting structure becomes dense with a 

large distribution of the molecular weights of the polymer chains.  
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 In the class of “grafting from” approaches, an emerging technique is self-initiated 

photografting and photopolymerization (SIPGP), first described by Wang et al [37, 38]. 

Since the polymerization of monomers is induced by UV light, no addition of 

photoinitiator is required, which is of benefit for biomaterials and other applications where 

initiator residues could be harmful. Photopolymerization includes the possibility of 

photolithograpy for patterning and miniaturization of polymer architectures. 

 A hydrogel is a polymer that can absorb water so that the structure swells to several 

times its thickness in dry state. In contrast to the two-dimensional SAM-ambient interface, 

a hydrogel provides a three-dimensional structure. Hydrogels can be prepared from 

monomers with functional groups that can be used for biomolecule immobilization or the 

hydrogel can be functionalized after grafting. The larger surface area results in a larger 

immobilization capacity compared to SAMs. One example is the commercially available 

carboxymethylated dextran which is prepared in a “grafting to” manner by attaching 

dextran chains to a SAM on gold [39]. Similarly, PEG chains can be grafted to SAM 

covered substrates [40, 41].   

 In Paper II, a hydrogel (Figure 6a) was prepared by the SIPGP method using a 

mixture of two monomers (Figure 6b): poly(ethylene glycol) methacrylate (PEGMA) and 

2-hydroxyethyl methacrylate (HEMA). Here, a hydrogel density pattern was obtained by 

an underlying SAM pattern created by DPN. 

 

a)                                                                           b) 

     

 
 
 
 
 
 
 
 

 
Figure 6. a) Illustration of a hydrogel, prepared by SIPGP, on a hydrophilic SAM on a 
gold substrate. b) The chemical structure PEGxMA with x EG units. If x = 1, the structure 
is HEMA.  
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4. Protein immobilization 
 

There are plenty of strategies for immobilizing proteins on sensor surfaces. The methods 

can be classified into three groups [16]: physical immobilization, covalent immobilization 

and bioaffinity immobilization.  

 Physical immobilization is driven by intermolecular forces (electrostatic, polar or 

hydrophobic) between protein and surface. It results in a weak attachment of ligands with 

heterogenous distribution and random orientation. 

 Covalent immobilization utilizes surface bound functional groups that can react with 

exposed amino acid side chains on the protein surface. Amine coupling (section 4.1) and 

thiol coupling are commonly used. Photochemical methods (section 4.3) involve 

photolabile agents forming covalent bonds upon UV light activation. Another example is 

click chemistry, involving cycloaddition of an azide and an alkyne. 

 Bioaffinity immobilization methods rely on recombinant affinity tags (section 4.2), 

the naturally occurring biotin-avidin system (section 5.2). Antibody immobilization can be 

mediated by protein A/G and glycoproteins can be immobilized via their carbohydrate 

moieties to surface bound lectins (sugar-binding proteins). DNA-directed immobilization 

uses oligonucleotide-tagged proteins to convert a DNA array into a protein array by DNA 

hybridization.  

 

4.1  Amine coupling  
Amine coupling involves activation of a carboxylate group that can react with a primary 

amine so that an amide bond is formed. This is a frequently used method for covalent 

attachment of proteins to SAMs [42] and hydrogels [39]. The activation agents used in 

water solution are 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) 

and N-hydroxysuccinimide (NHS). EDC reacts with a carboxylic acid to form an active 

ester intermediate which is then displaced by an NHS ester. This more reactive ester then 

rapidly couples with primary amines [43]. EDC could be used alone but with less 

efficiency due to the lower reactivity and the susceptibility to hydrolysis of the EDC-ester.  

 In the case of protein immobilization to surfaces (Figure 7), the carboxylates are 

surface bound and react with the amine side chains of lysines in the protein. Following 

activation with EDC/NHS the protein solution is added. The solution should have a pH 
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below pI of the protein to facilitate electrostatic interaction (preconcentration) between the 

protein and the negatively charged carboxylated surface prior to amine coupling. After 

amine coupling, deactivation with ethanolamine is performed to remove residual NHS-

esters on the surface.  

 For amine coupling at low pH (for acidic proteins), sulfo-NHS is preferred over 

NHS [44] because the sulfate group keeps a negative charge on the surface whereas the 

common NHS-ester is uncharged. The drawback is that sulfo-NHS-activated esters also 

react with sulfhydryl and hydroxyl groups to form thioesters and esters, respectively [43].  

  In this thesis, amine coupling has been used for immobilization of a protein in Paper 

I and a smaller amine-functionalized biomolecule, biotin, in Paper II. 
 

 
Figure 7. The amine coupling reaction starting with the formation of an EDC-ester, which 
is displaced by an NHS-ester. The NHS-ester reacts with a primary amine in the protein 
and an amide bond is formed. Following amine coupling, residual NHS-esters are 
deactivated using ethanolamine. Adapted from [43]. 
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4.2  Metal ion affinity  
A popular functional group used for achieving controlled orientation upon protein 

immobilization is nitrilotriacetic acid (NTA), otherwise commonly used in immobilized 

metal ion affinity chromatography (IMAC). The chelating agent NTA has a strong affinity 

for bivalent metal ions such as Ni2+ which have six coordination sites. Four of these are 

chelated to NTA, leaving two sites free to coordinate other groups. Several amino acids, 

including histidine (His), have a moderate affinity (μM-range) to Ni2+-NTA complexes 

(Figure 8). 

 
Figure 8. The chemical structure of NTA, its chelation of a metal ion (here Ni2+) and the 
coordination of two imidazole molecules to the complex. Imidazole is the side chain group 
of the histidine amino acid and the Ni2+-NTA complex can be used for binding proteins 
modified with a histidine tag.  
 

 Due to the reversibility, the Ni2+-NTA complex is commonly used in affinity purification 

of recombinant proteins containing His-tags [45] and the same principle is used for non-

covalent immobilization of His-tagged proteins to biosensor surfaces with surface bound 

NTA. Stable binding can be achieved, despite the moderate affinity, if the surface 

concentration of NTA is sufficiently high (surface multivalency), which has been shown 

to enable continuous rebinding in a dextran matrix [46] and on surfaces presenting bis- or 

tris-NTA instead of mono-NTA [47, 48]. The binding stability also depends on the His-tag 

length (molecular multivalency) [49] and a double-His6-tag has been shown to provide 

stronger binding than a single-His6-tag [50]. Although the interaction of His-tags with 

Ni2+-NTA can be made stable it is never irreversible. Upon addition of a competing 

molecule such as imidazole or EDTA, or by changing the pH to below the pKa of His (~6), 

the His-tagged protein is eluted.  
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4.3  Photoimmobilization 
Photolabile agents, e.g. arylazides, benzophenones, diazirines and nitrobenzyl groups [22], 

can be surface bound in order to allow for protein immobilization upon UV light 

activation. Benzophenone (BP) is activated by UV light in the region 350-360 nm and its 

reaction mechanism is well-known: The carbonyl oxygen forms a ketyl radical when 

exposed to UV light and then abstracts the hydrogen from a C-H bond in a nearby 

molecule, followed by C-C bond formation between BP and the attacked molecule (Figure 

9).   

 Advantages of BP include chemical stability, activation in a UV range that does not 

damage proteins or cells, and stability in ambient light [51]. The disadvantages are the 

bulkiness and hydrophobicity of the molecule and the fact that the C-H bond has to be 

within 3.1 Å of the carbonyl oxygen for crosslinking to take place [52]. Benzophenone has 

been used in applications for crosslinking of polymers [53] in combination with SAMs of 

alkylsilanes [54]. Most interestingly, BP has been used for photoimmobilization of IgGs 

or F(ab’) fragments to SAMs of alkanethiolates [55] or alkylsilanes [56] and to 

polysterene [57]. 

 

 
 
Figure 9. The chemical structure of BP and the reaction that results in covalent bond 
formation when BP attacks a covalent bond upon UV light activation. 
 
 

4.4  Chelation Assisted Photoimmobilization 
In Paper I, we introduce a novel immobilization method for controlled orientation and 

covalent attachment of proteins on biosensor surfaces. We refer to this method as 

Chelation Assisted Photoimmobilization (CAP). It is based on a SAM of alkanethiolates 
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(molecules I-V, Figure 4) on a gold substrate exposing the two agents discussed above: 

NTA for orientation and BP for photoimmobilization of proteins. The alkanethiolates also 

contain an OEG portion for reduction of nonspecific binding. An OEG terminated 

alkanethiol is used for dilution of NTA and BP on the surface.  

 The principle of CAP is as follows: A His-tagged ligand is attached to the surface in 

a proper orientation by NTA and then covalently immobilized upon UV activation of BP 

(Figure 10). After UV irradiation, any residual ligand bound to Ni2+-NTA but not 

photoimmobilized, is eluted by imidazole which competes with the His-tag in binding to 

the Ni2+-NTA complex. The binding site of the oriented and covalently bound ligand is 

then available for subsequent interaction with the analyte.   

 

 
 
Figure 10. A schematic drawing of the CAP principle. The ligand is coordinated via its 
His-tag to Ni2+-NTA and then locked in this orientation upon photoactivation of BP. The 
oriented and covalently bound ligand is then available for analyte interaction.  
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5. Biomolecular interaction 
 

In biosensor development, thoroughly characterized and well-understood interaction 

model systems are often used for studying ligand-analyte binding. The following sections 

describe the biomolecular model systems used for proof of concept experiments in the two 

papers presented in this thesis.  

 

5.1  Antibodies 
Antibodies (immunoglobulins) [58] are proteins that recognize molecules that are foreign 

to the body (antigens) in order to activate the immune system. Antibodies are divided in 

five classes: A, D, E, G and M. Here, only immunoglobulin G (IgG), the most abundant in 

serum, is described.  

 An IgG consists of two heavy and two light polypeptide chains, connected via 

covalent disulphides bonds in a Y-shaped form (Figure 11). The two arms (Fab, so called 

because the fragments are antigen binding) each contain a highly variable part, which 

provides the specificity for different antigens. The stem (Fc, so called because the 

fragment is crystallizable) is a constant sequence similar in all IgGs. In humans, there are 

four types of the heavy chain, dividing the IgGs in four subclasses: IgG1- IgG4. The Fc 

and Fab regions are connected via disulphide bridges in the hinge region, making the 

molecule very flexible.  

 Some proteins bind to antibodies in regions other than the Fab. The bacterial protein 

A and protein G bind to the Fc domain mainly by hydrophobic interaction and while the 

affinity is strong at neutral and basic pH, it is weak at acidic pH [59]. These proteins are 

therefore commonly used in antibody affinity purification but have also been used in the 

preparation of immunosensors. For example, surface immobilized protein A binds the Fc 

of IgG resulting in a partial orientation of the IgG (the ligand) with at least one Fab region 

exposed for binding the antigen (the analyte) [20, 60]. Although it has more than two 

functional binding sites [61], protein A can bind only two IgG molecules at once and one 

IgG can bind two protein A molecules. 

 In Paper I, protein A was used as the model analyte and the Fc region of human IgG 

of subclass 4 was used as the model ligand. The ligand was modified with one 

hexahistidine tag at each C-terminus [62] and is hereafter referred to as His-IgGFc.   
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Figure 11. The general structure of IgG which has a Y-shape with two arms (Fab) and a 
stem (Fc). The arrows mark the binding sites of antigen and protein A. His-IgGFc and 
protein A were used in Paper I as ligand and analyte, respectively.  
 
 

5.2  Biotin – avidin 
The interaction between biotin and avidin is one of the strongest known in nature with a 

dissociation constant of 10-15 M [63]. Biotin (Figure 12), also known as vitamin H, is a 

small molecule which acts as a coenzyme in cell metabolism. While avidin is found in egg 

white, streptavidin is a bacterial protein. They are different in primary structure, but both 

have four subunits and four binding sites and bind biotin with similar strength. 

Streptavidin has a more neutral pI (5-6) compared to avidin (pI = 10) and therefore 

exhibits less nonspecific binding caused by electrostatic interactions [43]. Both biotin and 

(strept)avidin can be conjugated to other proteins or fluorescent labels without loss of 

affinity. The affinity remains high even in a large range of pH and concentrations of buffer 

additives or salt. For all these reasons, biotin-streptavidin is a commonly used affinity pair 

in different biotechnological applications, such as immunoassays and, as in Paper II, as a 

model system in biosensor research.  
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Figure 12. The chemical structure of biotin and a schematic drawing of streptavidin 
binding four biotin molecules simultaneously. 
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6. Experimental techniques  
 

Here, the techniques for surface characterization and study of biomolecular interactions 

used in the papers included in this thesis are described. Some optical detection techniques 

can be used with a photodetector that averages the information over the studied surface 

area, or with a camera for imaging of surfaces with lateral resolution. This is the case for 

null ellipsometry, infrared reflection-absorption spectroscopy and surface plasmon 

resonance (sections 6.2-6.4). In this thesis, only the latter has been used in imaging mode. 

 

6.1  Contact angle goniometry 
A goniometer is used for measuring angles and in this case to perform wettability 

measurements. A liquid drop is added on the substrate to be studied and a camera captures 

images of this arrangement which the computer software then uses to calculate the contact 

angle. This is the angle between the surface and the tangent line to the curve described by 

the drop, starting at the surface-liquid-ambient interface (Figure 13a). Measurements can 

be performed in ambient atmosphere and with pure water as liquid. On a hydrophilic 

surface the drop will spread out, resulting in a low contact angle value. On a hydrophobic 

surface the solid-liquid interface will be minimized yielding a higher contact angle.  

 

a)                 b)           c) 

 
Figure 13. Schematic drawings of the sessile drop method (a) and dynamic sessile drop 
method (b,c) in contact angle goniometry. The static angle (θstat) gives a measure of the 
surface hydrophilicity. Using a syringe to add or remove liquid from the drop, the 
advancing (θadv) and receding (θrec) contact angles can be measured. The hysteresis 
between these is a measure of surface roughness or heterogeneity.  
 

Using the sessile drop method, a drop of liquid is added to the surface and the static 

contact angle is directly obtained. The dynamic sessile drop method involves a syringe 
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used to control the volume of the liquid drop (Figure 13b-c). The advancing angle is 

measured as the volume of the drop is increased and the receding angle is measured as the 

volume is decreased. As the advancing drop is moving over a dry surface whereas the 

receding drop is moving over a wet surface, the advancing angle is larger than the 

receding angle. The difference between these is called hysteresis [64] and it is interpreted 

as a measure of the roughness or heterogeneity of the surface. It can also be due to the fact 

that the wetting itself can induce reconstruction of polar/nonpolar groups on the surface 

[27, 64]. On the other hand, it has been shown that mixed SAMs on ultrasmooth gold 

surfaces do not exhibit hysteresis [65]. This could mean that the hysteresis in many 

systems previously studied could be a result of surface roughness rather than due to islets 

formed in a heterogeneous, mixed SAM. Hence, although a contact angle measurement is 

simple to perform, the data interpretation is not [66]. Importantly, comparisons should be 

made between measurements in similar systems rather than drawing conclusions from 

single absolute values [65].  

 In Paper I, contact angle measurements were used to obtain information related to 

the composition of both pure and mixed SAMs.  

 

6.2  Null ellipsometry 
Light can be described by two cosine waves, transverse to each other and to the direction 

of propagation. The end points of the vectors representing the waves (the polarization 

components) describe an ellipse. In special cases, depending on the phase shift between 

the waves, the light becomes linearly polarized or circularly polarized. 

 Null ellipsometry is a nondestructive technique for determining surface film 

thickness. It is a fast and easy to use method that can be performed in air or in a liquid cell. 

The original meaning of the term ellipsometry is the measurement of elliptically polarized 

light, but it now refers to the analysis of polarized light in order to determine the optical 

properties of thin films on reflecting substrates.  

 As light is reflected off a thin film on a metal substrate it is phase shifted and 

attenuated. The phase shift is described by the phase angle Δ (delta). The amplitude 

change is described by the tangent of Ψ (psi), which is the ratio of the complex reflection 

coefficients of s- and p-polarized light, respectively. The fundamental equation of 

ellipsometry gives the relation between the normalized reflection coefficient ρ and the 
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ellipsometric parameters Δ and Ψ, which in turn are related to the complex refractive 

index (N), extinction coefficient (κ) and thickness (d) of the film [67]: 

 

ρ = tan Ψ eiΔ = f (N, κ, d) 

 

The PCSA set-up [6, 67] of a null-ellipsometry instrument is illustrated in Figure 14. The 

monochromatic light comes from a He-Ne laser and the angle of incidence (θ) can be 

varied. The light passes a rotating polarizer (P) and a quarter wave plate compensator (C) 

before reaching the sample surface (S). The reflected light passes another rotating 

polarizer, the analyzer (A), before reaching the photodetector. The incident linear light is 

elliptically polarized by the compensator before reaching the surface. At a certain angle of 

the polarizer, the light becomes linearly polarized when it is reflected from the surface. 

The analyzer is then rotated to the angle where all reflected light is extinguished and no 

light reaches the photodetector. When this co-called “null-condition” is reached, the 

ellipsometric parameters Δ and Ψ can be obtained from the rotation angles of the polarizer, 

compensator and analyzer. Subsequently, the refractive index or the film thickness can be 

calculated.  

 There are several methods available for these calculations, one of which is the 

McCrackin algorithm [68]. The complex refractive index (N = n – i k) applies to all thin 

films but if the film can be assumed to be transparent, the imaginary part is zero and the 

refractive index is a real number, n. It is often set to 1.465 or 1.5 for transparent organic 

thin films. Since the calculation averages the information from a beam area of about 1 

mm2 it is difficult to draw conclusions on the distribution or the presence of voids in the 

film. A protein film thickness of 1 nm corresponds to a surface density of approximately 

1.2 ng/mm2 [6].  

 In Paper I, ellipsometry was used for basic characterization of untreated SAMs and 

for measuring change in surface film thickness after protein immobilization. Small 

amounts of protein were detected. As explained above, the area of detection is so large 

that the ligand surface density could be locally high and yet result in a low film thickness 

on average. In this case, null ellipsometry data were complemented by information from 

infrared spectroscopy which will be described next. 
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Figure 14. The PCSA-setup of a null ellipsometer. The ellipsometric parameters used for 
calculation of film thickness are obtained when the polarizer and analyzer angles are such 
that no reflected light reaches the detector (the null condition). 
 
 

6.3  Infrared spectroscopy 
Infrared (IR) spectroscopy is based on the fact that molecular bonds are excited by IR 

radiation of specific wavelengths. This is a nondestructive optical technique used to obtain 

information about what type of bonds are present in a molecule (transmission mode) or 

how a molecule is oriented with respect to the surface it is attached to (reflection-

absorption mode).  

 IR spectrometers are based on interferometric measurements and data conversion 

using Fourier Transform (FT). The instrument contains a radiation source, an 

interferometer, a sample holder and a photodetector.  

 The Michelson interferometer (Figure 15) contains a beam-splitter, which divides a 

light beam from the source into two paths. The beam in one path is reflected against a 

fixed mirror, while the other beam is reflected against a moving mirror. After reflection 

the beams recombine at the beam-splitter and continue toward the sample, where some 

wavelengths are absorbed. The moveable mirror changes the difference in path length so 

that the beams interfere constructively or destructively. The detector records an 

interferogram which is converted using FT calculations into a spectrum of intensity versus 

wavelength (or rather wavenumber, the inverted wavelength) [69]. Most measurements are 

performed in the mid-IR region, 4000-400 cm-1 (λ = 5-25 μm). 
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Figure 15. Schematic drawing of the Michelson interferometer used in Fourier transform 
spectrometers, redrawn from [69]. Lenses have been omitted and the reflected beams have 
been displaced for clarity. The moving mirror causes a phase shift between the beams 
reaching the detector. The resulting interferogram, affected by the molecular composition 
of the sample, is converted by Fourier transform into a spectrum. A transparent sample is 
shown here but the same principle is used for reflecting samples. 
 

In most IR spectroscopy instruments, the sample is contained either in a vacuum chamber 

or in a chamber that is purged by nitrogen gas to minimize interference from atmospheric 

H2O and CO2. The intensity is measured for all wavelengths simultaneously during one 

scan. Many scans are made during a measurement, which results in a good signal-to-noise 

ratio [70]. IR spectroscopy can be used to study liquids, solids and gases. Here the focus is 

on solid samples.  

 In transmission mode, the compound to be studied can be incorporated in a pellet of 

an alkali halogenide material (e.g. KBr) which does not absorb light of wavelengths in the 

relevant mid-IR region when sintered under high pressure [69]. The sample powder is 

finely ground, mixed with KBr and then pressed into a pellet which is mounted in a holder 

in the instrument. In a bulk sample all orientations of a molecule are possible and hence 

vibrations from all bonds with a non-zero transition dipole moment can be detected. This 

however is not the case for IR spectroscopy in reflection-absorption mode.   
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 Infrared reflection-absorption spectroscopy (IRAS, also known as RAIRS or 

IRRAS ) was first described by Francis and Ellison [71] and Greenler [72]. It is now used 

to study thin films on metallic substrates. It gives information about both composition and 

orientation of the molecules constituting the film. Infrared radiation is polarized and then 

focused onto the sample. The sample reflects the light and is then recollimated by a set of 

focusing mirrors before reaching the detector. The surface sensitivity is maximized by 

adjusting the incident light beam to a grazing angle (i.e. close to parallel to the surface). 

There are two reasons for this:  

 Firstly, the beam passes the thin film twice, once before and once after reflection 

from the metallic surface. A grazing angle results in a longer path length in the film and 

hence higher surface sensitivity. Secondly, a grazing angle enhances the strength of the 

perpendicular component of the electric field, which is most important in IRAS 

measurements. The surface selection rule states that only molecular vibrations that give 

rise to a transition dipole moment with a component perpendicular to the metal surface 

can be detected [70, 71]. 

 When light is reflected from a metal surface the phase shift depends on both the 

angle of incidence and the polarization. For incident and reflected light, the components 

parallel to the surface will cancel due to a 180º phase shift upon reflection in the grazing 

angle geometry. The components perpendicular to the surface, on the other hand, will 

interfere constructively [72]. This is the origin of an electric field perpendicular to the 

metal surface (Figure 16). The intensity (I) of a vibrational mode is proportional to the 

square of the electric field (E) and the transition dipole moment (M) of the molecular 

bonds and depends on the angle φ between the surface normal and the dipole moment [6]: 

 

I ~ |E•M|2 = |E|2 • |M|2 • cos2 φ 

 

This means that the intensity for a vibrational mode is at its maximum when the vibration 

occurs perpendicular to the surface, whereas a vibration parallel to the surface cannot be 

detected at all. Therefore it is important to remember that a molecular bond may be 

present on a sample surface although it is not detected by IRAS. Comparing spectra from 

IRAS and transmission (bulk) spectroscopy can yield information about the orientation of 

molecules on the surface (Figure 17).  
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Figure 16. Illustration of the electromagnetic components (E) of incident (i) and reflected 
(r) light at the surface in IRAS. Redrawn from [6]. The components parallel (p) to the 
plane of incidence (Eip and Erp) interferes constructively while the perpendicular (s) 
components (Eis and Ers) cancel. The resulting electromagnetic field (ER) is therefore 
perpendicular to the surface and hence only molecular vibrations with dipole moments 
perpendicular to the surface can be detected in IRAS. 
 

 In Paper I, the composition of synthesized molecules was confirmed using IR 

spectroscopy in transmission mode, while their packing and orientation in SAMs on gold 

were studied by IRAS. Furthermore, IRAS was used to quantify the amount of ligand 

immobilized and the technique proved to be more sensitive than ellipsometry. In Paper II, 

IRAS was used to study the different steps of preparation of a hydrogel modified substrate. 
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Figure 17. For the EG3 disulfide (molecule IV, Figure 4) used in Paper I, the amide I peak 
at 1643 cm-1 is the strongest in the transmission spectrum but not present at all in the RA 
spectrum, confirming that the molecules in the SAM are well packed with the carbonyl 
bond of the amide group parallel to the surface.   
 
 
6.4  Surface plasmon resonance 
The technique to use Surface Plasmon Resonance (SPR) as a tool for detecting and 

characterizing biomolecular interactions was first developed by Liedberg et al [73]. With 

this method, biomolecular interactions can be studied in real time and information about 

kinetics, affinity and specificity can be obtained.  

 A surface plasmon is a charge density wave propagating at the interface between a 

metal, such as gold, and a dielectric (polarizable) medium, such as water. When light is 

totally internally reflected towards a thin gold film, part of the photon energy may set up 

an evanescent field at the opposite interface which excites the surface plasmon. This 

happens at a certain wavelength and a certain angle of incidence (the SPR angle, θSPR), 

determined by the refractive index of the medium outside the film. At θSPR reflected light 

is attenuated due to energy coupling into the evanescent field. When allowing 
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biomolecules to bind by interaction on or very close to the surface, the refractive index is 

changed, causing a change in θSPR which is observed as a shift of the dip in the intensity of 

the reflected light. The penetration depth of the evanescent field is of the order of half a 

wavelength of the exciting light. Sensitivity decreases exponentially away from the 

surface and is highest in the first hundred nanometers [74]. 

 
 
Figure 18. The Kretschmann set-up of an SPR instrument. Incident light excites a surface 
plasmon upon reflection off the back side of the gold film in a sensor chip. This occurs at 
θSPR, at which the minimum in the intensity of the reflected light is detected. As analyte 
binds to ligand, the refractive index at the surface changes, causing a θSPR shift. The real 
time detection of the shift is presented in a curve with response versus time. 
 

Many SPR instruments use the so-called Kretschmann configuration (Figure 18), with a 

glass prism, the sensor chip (usually a gold film on a glass substrate), a liquid handling 

system, a light source and a detector. In the commercially available instrument used in this 

work, an integrated microfluidic cartridge (IFC) contains the sample and buffer loops and 

several flow channels. As the IFC and the gold side of the sensor chip are pressed together, 

individually addressable flow cells are formed where the biomolecular interactions can 

take place. The convergent beam from a light emitting diode (LED) is refracted by a glass 

prism and then reflected at the glass/gold interface on the backside of the sensor chip. The 

light beam is convergent and focused on a small surface area and the divergent reflected 

light is detected by a photodiode array (PDA). This set up with a fan shaped beam  

requires no moving optical parts to detect the changes in θSPR [74]. A real-time recording 
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of θSPR is presented in a sensorgram (Figure 19) with relative response units (RU) as a 

function of time. A 0.0001º shift in θSPR corresponds to 1 RU and approximately 1 pg/mm2 

of protein [75]. 

 

 
Figure 19. A typical sensorgram showing amine coupling of the ligand His-IgGFc (Paper 
I) to a carboxylated matrix and subsequent interaction with the analyte protein A. The start 
of each sample injection is marked with an arrow. 
 

Some advantages with the SPR technique compared to the Enzyme-Linked 

ImmunoSorbent Assay (ELISA), which is another commonly used strategy to monitor 

biomolecular interactions, are that it is more reproducible, gives an earlier detection of 

interaction and the real-time detection allows for kinetic analysis. Molecular labeling is 

not needed and the surface can be regenerated and reused. The disadvantage compared to 

ELISA is that fewer samples can be analyzed during the same time frame.  

 By adding a camera to the SPR instrument, an image of the surface can be obtained 

[76]. SPR microscopy, or imaging SPR (iSPR), can be used to study surface patterns and 

molecular arrays. In general surfaces are prepatterned or the ligand is immobilized offline 
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by spotting. To avoid image distortion in iSPR it is common to fix the angle of incidence 

while scanning the wavelength [77]. Instead of detecting θSPR, the wavelength (λSPR) 

resulting in a minimum in the intensity of the reflected light is recorded. 

 In Paper I, a commercial SPR instrument was used to study the specific interaction 

between protein A in solution and surface immobilized His-IgGFc. In further work, 

related to but not reported in Paper I, an in-house built iSPR instrument [77] was also used 

to study photoimmobilization of His-IgGFc and subsequent interaction with protein A 

(Chapter 7). 

  

6.5  Atomic force microscopy  
Scanning Probe Microscopy (SPM) [78] is an umbrella term for a number of techniques 

using a tip (probe) for surface characterization, topographic imaging and manipulation.   

 Atomic Force Microscopy (AFM) is an SPM technique where high-resolution 

imaging based on atomic forces can be obtained. In general, the instrument contains a 

laser source, a sample holder, a tip on a cantilever and a photodetector. The laser beam is 

reflected on top of the cantilever before it reaches the photodetector. As the surface and 

the tip are brought close together, the intermolecular interactions cause the cantilever to 

deflect, either by attraction or repulsion. The change in cantilever bending angle causes a 

change in laser beam position on the detector. This can be presented as a force curve 

(force versus tip-sample distance) which provides information about the tip-sample 

interaction and thus of the surface properties.  

 For scanning the tip across the surface, either the sample or the cantilever is placed 

on a piezoelectric tube scanner. Most set-ups (Figure 20) use a feed-back loop to keep the 

surface-tip distance constant. The voltage change needed for the correct positioning of the 

piezoelectric stage is used as the signal for creating a topographic image of the surface. 

Measurements can be performed in air or liquid and different modes are used depending 

on the properties of the sample and the information asked for. A general problem for all 

modes is that image artifacts are produced when the tip fails to "sense" the topography 

properly due to its shape and size. 
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Figure 20. The general set-up of AFM. Either the sample or the cantilever can be placed 
in contact with a piezoelectric tube scanner. When tip and sample interact, the deflection 
of the cantilever is detected as a change in position of the reflected light. Electronic 
feedback is used to keep a constant tip-sample distance and to render a topographic image 
of the sample. 
 
In contact mode, high resolution is obtained because the tip interaction with the closest 

substrate molecules is so strong that interactions with neighboring molecules make a small 

difference.  However, soft samples are damaged due to scraping. A special case of contact 

mode is friction force mode or lateral force microscopy (LFM) where the tip is dragged 

across the surface and the twisting of the tip due to lateral forces is recorded. This can give 

information about local differences in density, so called material-specific contrast. 

 In non-contact mode the tip is positioned at a greater distance from the surface than 

in contact mode and thus the resolution is lower. In this mode, imaging is based on long 

range forces (magnetic or electrostatic) because in ambient atmosphere a liquid layer is 

formed on the sample surface which makes it hard to use short range forces.  

 Therefore, tapping (intermittent) mode is frequently used for soft samples. It 

provides good resolution without damaging the surface because the lateral forces are 

weaker compared to the forces in contact mode. The cantilever is oscillated and taps the 
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surface. Any interaction results in a change of the oscillation amplitude, counteracted by a 

feedback system, which adjusts the tip-sample distance to keep the oscillation amplitude 

constant. This creates an image of the forces during intermittent contact. 

 In Paper II, AFM was used in lateral force mode and tapping mode (Figure 21) to 

study DPN-made arrays of SAMs of different alkanethiols and the hydrogel structures 

formed on these.  

 

 
 
Figure 21. Figure 3 in Paper II, reproduced with permission. a) LFM image showing 
material specific contrast of a DPN-made MHA pattern after backfilling with EG6C16. b) 
Topography image (tapping mode) of the same sample after hydrogel photografting. The 
inset below shows the height of the structures marked by the horizontal lines.  
 
 

6.6  Epifluorescence microscopy 
Fluorescence is frequently used for detection of biomolecular interactions. An 

epifluorescence microscope [79] generally consists of a light source, filters, a dichroic 

mirror, an objective and a detector. Light with the wavelength desired for excitation is 

selected by an excitation filter and directed towards the sample by a dichroic mirror. The 

objective focuses the light on the sample, resulting in fluorophore excitation. Light enters 
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back into the same objective and passes the dichroic mirror. The fluorescence wavelengths 

desired for detection are selected by an emission filter before reaching the detector, 

producing and image of the fluorescence in the sample.  

 The aromatic amino acids are intrinsic fluorophores and can be used for protein 

detection in general. Fluorescent labeling is needed for stronger fluorescence signals, for 

specific protein detection and for detection of non-fluorescent biomolecules. Several 

fluorophores with higher emission wavelength than the aromatic amino acids are available 

for labeling. Furthermore, quantum dots (QDs) can be used.  

 QDs [80] are nanoparticles consisting of a core of a semiconducting material such as 

CdSe or CdTe covered by a shell of ZnS. The luminescent property is due to the small 

dimensions and the core material and it is enhanced by the shell material. The 

nanoparticles are coated with a polymeric material that provides stabilization and acts as a 

scaffold for further functionalization. In Paper II, fluorescence of streptavidin-conjugated 

QDs, bound to a hydrogel pattern via biotin-streptavidin interaction, was detected with 

epifluorescence microscopy. 
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7. Demonstration and evaluation of CAP 
 

Paper I describes the design and implementation of a novel surface chemistry for 

controlled orientation and covalent attachment of proteins, called Chelation Assisted 

Photoimmobilization (CAP). The molecules used for SAM preparation and the 

immobilization method have been described earlier (see Figure 4 and section 4.4).  

 Early work in the development of CAP involved finding suitable experimental 

parameters. Different ratios of the alkanethiols or alkanedisulphides in solution used for 

SAM preparation were evaluated before choosing the 80:20 ratio for the EG3 and BPNTA 

disulfides (referred to as 20% BPNTA). Evaluation of the BP photochemistry involved 

finding suitable UV irradiation intensity and exposure time. Also, the choice of model 

system required some thought. 

 A few different protein model systems were tested for the evaluation of CAP. Large 

nonspecific analyte binding to the CAP surface was sometimes observed, probably by 

hydrophobic interaction with BP, by undesired metal binding to Ni2+-NTA or a 

combination thereof. For example, anti-hexahistidine was evaluated as an indirect control, 

which would ideally bind the His-tag if the ligand was in random orientation, but not if it 

was homogenously oriented by NTA. Both rabbit and goat anti-hexahistidine antibodies 

were tested but not used further due to a large nonspecific binding which could only 

marginally be reduced with buffer additives such as NaCl or detergents. Therefore it 

would be interesting to look at further reduction of nonspecific binding by controlling the 

surface chemistry. To reduce the hydrophobic contribution from the BP group, a 4-

hydroxy-benzophenone alkanethiol was synthesized, which could be used to render a 

more hydrophilic and thus more protein resistant surface. This has not yet been evaluated. 

 During the work with this thesis, a commercial SPR instrument and an in-house built 

iSPR equipment were used in parallel to study different approaches with CAP. With the 

commercial instrument, protein immobilization was performed on the lab bench and 

docked into the instrument to study only analyte interaction. In the second case, the UV 

source was mounted on the iSPR instrument so that all steps of the CAP method could be 

monitored. For reasons described and discussed below, the first approach was used in the 

final work leading up to Paper I.  
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 The steps of the CAP process were studied by iSPR by mounting the sample surface 

onto the SPR prism in an open cuvette so that it could be irradiated by UV light from 

above. Reagent solutions were added and removed by pipetting. A chromium patterned 

quartz mask was used to obtain spots, 300 μm in diameter, upon UV light irradiation. The 

mask was placed on top of the drop of ligand solution on the surface. All experiments 

started with the background measurements of the untreated SAM. This image was then 

subtracted from all subsequent measurements, resulting in images of the SPR wavelength 

shift (ΔλSPR). In this case, a shift ΔλSPR = 1 nm corresponds to an organic film of 

approximately 5 Å [81].    

 Three typical iSPR experiments are presented in Figure 22, which will be discussed 

in detail here. These experiments were performed on the same type of surface (20% 

BPNTA), but the two control experiments utilized either BP or NTA separately.  

 The top row shows a typical CAP experiment: the NTA groups were first loaded 

with Ni2+ (step 1). The surface was incubated with ligand and irradiated by UV light to 

activate BP followed by rinsing in PBS (step 2). The surface was irradiated through a 

chrome mask, but no pattern was visible at this stage due to the specific but non-covalent 

binding of ligand to NTA in the background. After rinsing with imidazole (step 3), non-

covalently bound ligand was eluted and the pattern clearly seen. After analyte incubation a 

slight increase in λSPR was detected (step 4) showing qualitatively that the oriented and 

covalently bound ligand was active.  

 The bottom row shows non-covalent ligand immobilization to Ni2+-NTA. The 

surface was loaded with Ni2+ and incubated with ligand followed by PBS rinsing (step 2). 

Photopatterning was not used since non-covalent immobilization was desired in this 

control experiment. The ligand was homogenously distributed on this large scale (1 mm2). 

Step 3 was omitted and after analyte incubation and PBS rinsing (step 4), analyte binding 

was clearly detected. Imidazole rinsing (step 5) eluted the ligand and hence analyte was 

also removed. The remaining protein film was explained partly by nonspecific binding but 

also by the repeated manual pipetting which could lead to incomplete rinsing. Future use 

of this instrumental set-up would benefit from a flow cell with a UV transparent top and a 

proper flow system. 

 For the BP experiment in the middle row step 1 was omitted since a random ligand 

orientation was desired in this control experiment. Spots of photoimmobilized ligand were 
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seen in a background of ligand (step 2) after PBS rinsing. This ligand was eluted by 

imidazole (step 3), indicating a Ni2+- NTA dependent binding of the His-tagged ligand 

although the surface was not loaded with Ni2+. Additional experiments showed similar 

signs of metal ion contamination in PBS buffer. Hence, the photoimmobilized ligand in 

the BP experiment was unintentionally oriented, resulting in conditions similar to CAP 

and disqualifying this experiment as a control with random ligand orientation.  

 In continued experiments, resulting in Paper I, random immobilization was therefore 

studied on 10% BP surfaces, with no NTA present, thereby eliminating the metal ion 

contamination problem. His-tag binding to Ni2+-NTA was studied on 10% NTA surfaces, 

with no BP present. Additionally, amine coupling to the carboxyl groups of 10% NTA 

was performed in the presence of the chelating agent EDTA, to remove contaminating 

metal ions and prevent unwanted orientation of the His-tagged ligand in this case. EDTA 

was not used in photoimmobilization experiments due to the risk of BP forming covalent 

bonds with EDTA instead of the protein. 

 

 
Figure 22. Imaging SPR was used to monitor the immobilization of a His-tagged ligand to 
a 20% BPNTA surface in three different ways: by CAP (top), by photoimmobilization to 
BP (middle) and by reversible coordination to Ni2+-NTA (bottom). Each image shows the 
change ΔλSPR (with 2 nm units on the perpendicular axis) after each treatment step 
compared to the untreated SAM. The imaged surface area is 1 mm2 and each spot is 300 
μm in diameter. See the text for details and discussion. 
 



 
 

 

40 

 

For reasons discussed above, work was continued by offline ligand immobilization 

followed by monitoring analyte interaction in the commercial SPR instrument. This 

however, required other means of quantifying the immobilized ligand amount and for this 

purpose, null ellipsometry and IRAS were used. It was found that the low protein amounts 

could be readily detected and quantified by IRAS (Figure 23) but not with ellipsometry.  

 

 
Figure 23. Results of ligand quantification data obtained by IRAS, as presented in Paper I. 
The two groups show the immobilized ligand amount before and after imidazole treatment, 
which elutes Ni2+-NTA bound ligand (10% NTA) but leaves covalently bound ligand 
unaffected. More ligand is immobilized by CAP (20% BPNTA) than by amine coupling to 
the carboxyl groups of NTA (10% NTA) or photoimmobilization to BP (10% BP).  
 

In order to monitor the ligand orientation effect on analyte responses, the analyte binding 

capacity of ligand immobilized by CAP and ligand immobilized in a random fashion by 

amine coupling was compared. The analyte responses measured by SPR were normalized 

using the ligand quantification data obtained by IRAS. Surprisingly, it was found that the 

amine coupled ligand had a more than two times higher analyte binding capacity 

compared to the ligand immobilized by CAP. There are two explanations for this 

interesting result. Firstly, island formation in the mixed SAM could cause locally high 

surface concentrations of immobilized and oriented protein, resulting in reduced 
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performance when using CAP. Also, the ligand immobilization level was three times 

higher with CAP, adding to the crowding problem. Secondly, the bivalent ligand used is 

probably not as sensitive to orientation effects as a monovalent ligand would be. None the 

less, the CAP method works in principle and it would be interesting to evaluate its 

performance using a monovalent ligand and in photopatterning applications. 
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8. Photografting hydrogels on patterned substrates 
 

In Paper II, a hydrogel pattern was fabricated by controlling the underlying surface 

chemistry (molecules VI-VIII in Figure 4). The SIPGP method for hydrogel fabrication 

was used in combination with DPN to further miniaturize the hydrogel structures. A 

pattern of MHA was “written” with DPN on clean gold followed by backfilling with a 

longer alkanethiol containing an OEG portion and a hexadecane termination chain 

(EG6C16). A hydrogel was then grafted on top of this patterned surface, resulting in a 

hydrogel pattern. Although hydrogel polymerization is initiated preferentially on 

hydrophilic surfaces, the hydrogel here formed a thin background layer also on the 

hydrophobic EG6C16 regions. As shown by IRAS studies (Paper II, Supporting 

Information), the OEG core of the EG6C16 is degraded by the UV wavelength used for 

photografting (254 nm). This eventually results in OEG portions being exposed, thereby 

initiating hydrogel grafting also in the background. However, this takes longer time than 

the grafting initiated at hydrophilic sites, and the background acting as a sacrificial layer 

explains the difference in hydrogel thickness.  

 To demonstrate the ligand immobilization capacity, biotin modified with an amine-

terminated EG2-linker (biotin-amine) was amine coupled to the carboxylated hydrogel 

structures (Figure 24). Initial experiments involved delivering amine-biotin directly to the 

hydrogel spots via DPN. Due to difficulties in realigning the DPN tip to the preformed 

structures a less complicated approach was chosen. The entire sample surface was 

incubated in biotin-amine solution and hence the ligand was bound also to the thin 

hydrogel background layer.  Thereafter the surface was incubated with streptavidin-

conjugated QDs and imaged with an epifluorescence microscope (Figure 25). The specific 

binding of streptavidin to biotin could be confirmed by repeated regeneration and 

incubation. A stronger fluorescence signal was obtained from the thicker hydrogel spots 

than from the thin hydrogel background layer. The thin hydrogel in the background might 

be an advantage. It could be useful in studying the effect of surface density of ligands, e.g. 

cell surface receptors. Furthermore, by controlling the UV exposure time with a moving 

shutter during photografting, a thickness gradient of the hydrogel structures can be easily 

produced. 
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Figure 24. Illustration of the surface in Paper II, where a SAM pattern on gold was the 
platform for hydrogel photografting. After carboxylation of the hydrogel, amine-biotin 
was immobilized by amine coupling. Thereafter the binding of streptavidin-conjugated 
QDs was detected by epifluorescence microscopy.  
 
 

 
 
Figure 25. Figure 4 in Paper II, reproduced with permission. a) AFM tapping mode image 
of the topography of a hydrogel dot array. b-f) Amine-biotin was coupled to the 
carboxylated hydrogel and binding of streptavidin-conjugated QDs (b, d, f) was detected 
by epifluorescence microscopy. After regeneration (c, e) subsequent loadings (d, f) 
showed stronger fluorescence, indicating that some form of preconditioning of the 
hydrogel is advantageous.  
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9. Future perspectives 
 

This thesis describes different methods of preparation of biosensor surfaces and 

contributes to the research on the effect of ligand orientation on the analyte binding 

capacity and fabrication of hydrogel-based biochips. The common ingredients of the two 

included papers are the use of SAMs on gold substrates as a general platform and the 

strategy of modifying the surfaces with organic molecules containing an OEG moiety for 

reduction of nonspecific binding of proteins. In both contributions photochemistry has 

been used, but for different applications: photoimmobilization of proteins by the novel 

method CAP on the one hand and hydrogel fabrication by SIPGP on the other.  

 The CAP combination of the NTA and BP functionalities could be of use in biochip 

fabrication. A clear advantage of photochemistry compared to e.g. amine coupling is the 

possibility of different methods of patterning. One approach would be repeating a 

sequence of protein loading, directed photoimmobilization via a moveable mask and 

elution of non-covalent ligand.  A more elegant solution would be using parallel flow 

channels and parallel light beams. Another approach would involve conventional spotting 

of all ligands on a Ni2+-loaded CAP surface, followed by one photoimmobilization step. 

CAP could also be used in combination with parallel-DPN, using thousands of tips for 

delivering ligands in an array pattern.  

 Notably, recombinant proteins are often produced with a His-tag to facilitate protein 

purification by IMAC and hence there are large numbers of ligands available, eliminating 

the need of further protein modification prior to immobilization. A bivalent ligand was 

used in Paper I, but monovalent His-tagged ligands would be of more interest, for example 

antibody mimetics, single-chain variable fragments (scFv) or aptamers. 

 The hydrogel pattern described in Paper II also has potential for biochip fabrication. 

The thin hydrogel layer background provides a hospitable environment for cell studies and 

a possibility of studying ligand density effects.  
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