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Abstract 

Is specificity an important issue regarding affinity reagents? What about the validation of 

affinity reagents today, is it good enough? This depends on the application and the producer 

of the reagent. Validation should be the most important marketing argument that can be 

found.    

 Today there is a continuous growth of both the number of affinity reagents that are 

produced and the different types of affinity reagents that are developed. In proteomics they 

become more and more important in exploring the human proteome. Therefore, validated 

affinity reagents should be on top of every proteomic researcher’s list. How should this be 

accomplished?  

 Better international agreements on how affinity reagents should be tested to be 

regarded as functional reagents are needed. One of the most important issues is the 

specificity of the affinity reagent. An international standard for which specific validation that 

is needed for different kinds of applications would be very useful. 

 In this thesis, it is shown that the protein microarray platform that was established 

within the HPA project at KTH is a very good tool to determine the specificity of different 

affinity binders. 

 In the first study, the production of mono-specific antibodies for tissue profiling in the 

Human Protein Atlas (HPA) project is presented. The section describing the use of protein 

microarrays for validation of the antibodies is relevant for this thesis. The implementation of 

protein microarrays in the HPA workflow was an important addition, because a deeper 

insight of the specificity of all the antibodies produced were now available. 

 In a second study, bead based arrays were compared to planar protein microarrays 

used in the HPA project. In this study, 100 different bead identities were coupled with 100 

different antigens and mixed together to generate an array. The correlation between the two 

types of assays was very high and the conclusion was that the methods can be used as 

backup to each other.      

 A third study was a part of an international initiative to produce renewable affinity 

binders against proteins containing SH2 domain. Here, the HPA protein microarrays were 

modified to analyze different types of reagents produced at six laboratories around the world. 

Monoclonal antibodies, single chain fragment and fibronectin scaffolds were tested as well as 

mono-specific antibodies. It was shown to be possible to adapt protein microarrays used in 

the HPA project to validate other kinds of affinity reagents.     
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Introduction 
 

The human body is built by billions of cells. The genetic code is the basis of all living cells 

and the information stored in the code controls all activities of the living cells. The genetic 

code contain billions of nucleotides folding into a double helix spiral, the deoxyribonucleic 

acid, DNA (1). DNA is the template for proteins, which are the building blocks in the 

human body and involved in most of its processes. Today it is approximated that the human 

proteome is based on about 21.000 protein coding genes (2). Many of these are yet of 

unknown function and some of them might be key targets in the medicinal products that will 

be produced tomorrow. One of the challenges is to characterize these proteins to generate 

more knowledge about their involvement both in the processes in a healthy human body and 

in one that suffer from a disease. 

 Proteomics is a fast growing field and the concept proteome was defined by Marc 

Wilkins during his doctoral studies in the 1990s (3, 4) as a way to classify the study of the 

proteins of humans and other species. This area of research includes a large number of 

different techniques that can be used to find proteins in different samples. One of the major 

problems in the proteomic research field is the large dynamic range that is found in e.g. the 

plasma proteome (5). There is a need to establish sensitive techniques that can detect low 

abundant proteins. Regarding affinity based methods, there must be affinity reagents 

available that can be relied on when it comes to their specificity. One effort to make it easier 

for researchers to find the reagents they need and to provide as much validation data as 

possible about antibodies and antigens, is an internet based portal, called Antibodypedia.org 

(6). This database is publically available for anyone who search for a specific reagent or wants 

to contribute with additional validation information to commercially available reagents. 

 There are two major areas within proteomic. First of all there are techniques that do 

not use affinity reagents for the detection such as mass spectrometry (MS) and gel 

electrophoresis (7). Then there are techniques that use affinity reagents for the detection of 

proteins. This group includes e.g. ELISA, Western blot, RIA, SPR, IHC, IF and different 

kinds of protein microarrays. All these methods have in common that they have been 

established to obtain more information about the proteins that e.g. the human body is built 

of (7, 8). Some of them are used both as research tools and for routine analysis at hospitals, 

e.g. ELISA.   

 Two of the most promising methods to acquire information about the human 

proteome would be MS and antibody arrays. If used complementary they can provide new 

insight in the world of proteins, but there is a lot more work that has to be done both 

concerning the sensitivity and the throughput before a whole proteome can be covered. 

 The Human Protein Atlas (HPA) project, founded 2003, is a large scale effort to 

produce antibodies against all human proteins (2, 9, 10). The aim of the project is to produce 

at least one mono-specific antibody directed against each and every one of the 21.000 

proteins. This project would not have been possible without the huge effort that was first 

presented some ten years ago, by the sequencing of the human genome (11, 12). All the work 
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done in the project is based on the human genome sequence and the predictions that are 

made on which part of the genome actually will be expressed as a protein. All this 

information is now accessible through web-based databases such as, UniProt and Ensembl 

(13, 14). Without this information, it would not be possible to create the proteins that are 

templates for the antibodies, which are used to generate protein profiles in human tissues 

and cells.  

 When the proteins are produced, affinity binders that recognize those specific proteins 

can be manufactured as in the HPA project. Today, this is done at large scale and there are 

more than 500.000 antibodies (15) produced commercially that can be used by researchers. 

This is a fantastic resource for researchers as tools to increase the knowledge of the human 

body, if the reagents are well characterized, which is not always the case (16). This is one of 

the key problems of today’s proteomic research. What kind of validation is carried out on the 

antibody and is the quality of that antibody good with the validation the company provide? 

In contrast to the situation for approval of new medicinal products there is today no 

generally accepted standard for the validation of antibodies and there is no authority that has 

the responsibility to ensure the quality of antibodies on the market (8, 17). 

Human Protein Atlas project 
 

To be able to reach the goal to produce antibodies against all proteins in the human body, a 

large scale production has been set up to produce recombinant protein fragments that are 

named Protein Signature Epitope Tag (PrEST) in the HPA project. To select a region of the 

full length protein, that is unique for that protein, an in house developed software is used. 

This web based program for antigen selection and visualization is based on data from 

Ensembl. In addition there is also built in functions for prediction of transmembrane regions 

and predictions of solubility (13, 18). In the software a unique fragment of the protein, 

consisting of about 25-150 amino acids, selected to have as low homology as possible to 

other protein sequences in the human body, to avoid cross-reactivity. With this as a template, 

primers are designed in the software and the PrEST is produced with RT-PCR with RNA as 

template. The sequence is ligated into a vector that contains a hexa-histidine albumin binding 

protein (His6ABP) gene sequence. The resulting His6 tag on the protein is used for the 

purification of  the PrESTs before immunization (19) and the ABP is used to enhance the 

immune response (20). The vector construct is transformed into E. coli. The sequence of the 

clones is verified by Sanger sequencing (21). After that, the E.coli colonies are cultured, the 

protein expression is induced and the resulting PrESTs are collected and purified (22, 23). 

The PrESTs are immunized in rabbits and the polyclonal serum is collected. The first step in 

the purification procedure of the serum is a depletion column used to remove antibodies 

directed against the His6-ABP tag. The serum is affinity purified on a second column with 

the corresponding PrEST coupled (24). This process results in a mono-specific antibody mix, 

directed against different epitopes on the PrEST (21). The specificity of the antibodies is 

then verified by microarrays were the PrEST is used as target agent (24). The antibodies are 
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also tested on Western blot. In Immunohistochemistry (IHC) the localization of the 

corresponding protein is explored (24). To get an even better view of the localization 

immunofluorescence (IF) is used for the subcellular localization (25, 26). 

Affinity reagents used in protein microarrays 
 

There are many types of molecules that can be used for protein microarrays such as 

antibodies, recombinant protein, antibody fragment, different kinds of scaffolds and others 

(27). In what context the protein microarray is going to be used determine what kind of 

capture reagents that are used. In this thesis the focus is put on the antigen protein 

microarray as a tool for validation of produced antibodies or other affinity reagents. In 

antigen microarrays the capture reagent is the antigen that the affinity reagent is produced 

against. Antigen microarrays can also be used for screening for autoantibodies in different 

body fluids. Another way to use the affinity reagents is to print the reagents and use them as 

capturing agents, such as antibody arrays used for protein detection in different kinds of 

body fluids.  

Antigens 
 

An antigen is usually described as a substance foreign to the host organism. The substance 

will trigger an immune response that produces antibodies targeting that substance. The 

region the antibody recognizes on an antigen is called an epitope. Epitopes can be either 

linear or conformational and it is important that the antibody can reach the epitope to be 

able to bind. This can change due to environmental changes causing e.g. denaturation. 

Depending on the ability of the affinity reagent to recognize the epitope in a native or 

denatured state, this can either be an advantage or a disadvantage.  

 Antigens can also be polysaccharides, lipids, nucleic acids or proteins, which are the 

most common to produce antibodies used for research. When antibodies are produced in 

host animals there are usually three different types of antigen used: recombinant full-length 

proteins, other recombinant proteins and small peptides.  

 Working with recombinant full-length proteins can be both laborious and time 

consuming due to the fact that it is more complicated to produce these kinds of proteins. To 

be able to ensure a native folding, they should be expressed in a system which makes it 

feasible e.g. mammalian cells (28). Native proteins can also be use but it can be laborious to 

extract them from human tissue or body fluids. 

 If peptides are used as antigens, a length of about 10-20 amino acids are usually used to 

have functional linear epitopes. It is assumed that a peptide shorter than approximately 7 

amino acids is insufficient to function as an epitope and if they are longer they could fold 

into a structure that is not found in the native protein (29). Peptides have also successfully 

been used for epitope mapping of proteins. It was shown that a 10 amino acids  long peptide 
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was not enough to map the epitope but when 15 amino acids long peptides were used the 

epitope mapping was successful (30).  

 Recombinant proteins that are not full length proteins are a commonly used as 

antigens because they can be produced in large amounts, in e.g. E.coli., which can be used in 

the downstream process of the affinity reagent production. There are examples of both 

monoclonal, polyclonal and antibody fragments produced with recombinant proteins as 

antigen (24, 31-34).  

 

Antibodies 
 

Antibodies are important components of the adaptive immune system. Antibodies circulates 

the body and have a function to eliminate microbes in the extra cellular fluids, but also to 

activate other components of the adaptive immune system (35).  

Antibodies are glycoproteins secreted by specialized B lymphocytes, called plasma cells. 

They are also referred to as immunoglobulins (Ig) because they contain a common structural 

domain. Antibodies are built-up by four polypeptides, two identical copies of a heavy chain 

and two identical copies of a light chain which are hold together with disulfide and 

noncovalent bonds. This structure is usually schematically presented like a Y-shaped 

molecule. Based on functional differences, antibodies can be further divided in two parts, the 

Fc–region and the Fab-region. The Fab domain is the arms of the Y-shape and contains the 

antigen binding sites of the antibody, that region is also referred to as the Fv region. The 

base of the Y is called the Fc region and the constant region of the Fc region is involved in 

binding between effector molecules in the complement system and more important Fc 

receptors that are present on phagocytes and other immune system molecules (36). Each 

variable region of the heavy chain and the light chain contains hyper variable regions, called 

CDRs. These regions make it possible for the antibodies to adapt to almost any antigen that 

can appear in the body. In mammals there are five subclasses of Ig that are classified 

depending on the conformation of the heavy chains (IgG , IgA, IgE, IgM and IgD) which all 

have their function in the immune system and can be used for different purposes in research. 

For research there are different types of antibodies to choose from e.g. polyclonal, 

monoclonal and mono-specific antibodies but there are also antibody fragments. Each of 

them has its strength and weakness but it can be useful in different applications. 

 

Polyclonal antibodies 
 

Polyclonal antibodies are generally produced by immunizing an antigen to a host animal, 

usually mouse, rabbit or goat. The antigen is recognized as a foreign substance by the 

immune system of the host animal and the immune system starts to produce antibodies by 

specific B-cells. An antigen normally has several different epitopes that are recognized by the 

immune system and each specific B-cell will produce an antibody directed to one of the 

epitopes. This means that when polyclonal antibodies are produced there will be a whole 

panel of different antibodies that recognize different parts of the antigen with different 
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affinity. This is both an advantage and a disadvantage for the polyclonal immune response 

when antibodies are used as a capturing tool. It is an advantage that there are different 

epitopes that are recognized by polyclonal antibodies. This can be used in protein 

microarrays due to the fact that the apparent affinity for polyclonal antibodies is higher 

because there are more binding sites and this will enhance the limit of detection (37). The 

pool of polyclonal antibodies might be less sensitive to changes in the environment because 

if one of the epitopes are destroyed there are others that could be detected by other antibody 

fractions of the pool (38). The potential that lies in the polyclonal antibodies to recognize 

different types of epitope, both linear and structural epitopes (39) makes them useful in 

many kinds of  application (40-46).  Another advantage that makes the polyclonal antibodies 

so useful is that they are relatively easy to produce compared to other types of binders. 

Already after a couple of months after the first immunization, it is often possible to collect 

the antibodies from the animal (38). The recognition of different epitopes could in some 

cases be a disadvantage because it is not known exactly which part of e.g. a protein that is the 

target and it could be hard to distinguish unspecific binding from the correct ones. This 

means that it is currently not possible to use polyclonal antibodies for in vivo diagnostics, but 

they are used much in in vitro diagnostics. There is also a reproducibility issue because there 

will be different pools of antibodies produced between different immunizations even in the 

same animal. This means that there has to be more batch to batch validation done on 

polyclonal antibodies than on a renewable resource of affinity reagent. 

 There are strategies that can be used to pull out the specific antibodies from a 

polyclonal serum, because typically these antibodies is found in concentrations from 50 to 

200 µg/mL  (38). This is done by purification of the polyclonal serum on a column coupled 

with the antigen that was used for the immunization. Compared to monoclonal antibodies 

there will still be problems with reproducibility, since there is a need to produce new 

antibodies and their specificity may differ. 

 

Monoclonal antibodies 
 

Monoclonal antibodies are often the first choice when it comes to clinical diagnostics and 

research today due to the fact that they bind with one specificity to their targets. The 

principle is that an antigen is immunized into a host animal, usually a mouse. So far, it is the 

same as the production of polyclonal antibodies, but in 1975 Köhler and Milstein published a 

paper where they describe how they fused activated, antibody producing cells with myeloma 

cells (47). The hybridoma that is the outcome of this fusion is an immortal cell line that 

produces identical monoclonal antibodies. One advantages of this technology is that there 

will be identical antibodies that can be produced rapidly and reproducibly recognizing the 

same epitope. This can however be a disadvantage if the epitope that the antibodies are 

directed against is altered in a changing environment. Compared to polyclonal antibodies, the 

production of monoclonal antibodies is labor-intense and it can take more than a year to 

produce a functional monoclonal antibody. On the other hand there is a renewable resource 

when the cell line is established. More about the differences between monoclonal and 
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polyclonal antibodies can be found in Lipman et al. (38). There has been efforts to enhance 

the throughput of monoclonal antibodies by using robotics and antigen microarrays for 

screening (32).   

   

Antibody fragments 
 

Instead of using the whole antibodies, fragments, like single-chain variable (scFv) and 

fragment antigen binding (Fab), can be used. The Fab fragment was found as a product after 

enzymatic cleavage of the whole antibody with papain and pepsin and got the name simply 

because it was the antigen binging fragment (48). Single-chain variables simply consist of the 

variable regions of the heavy and light chain and are coupled tighter with a linker (49).  In 

1990 McCafferty et al published an article where they used phage display to display and select 

antibody fragments (50). Since then, there has been a lot effort on developing phage display 

and there are a growing number of large libraries that consist of random combination of 

antibody fragment genes (33, 34, 51, 52). In parallel with the further development of the 

phage display, other systems like ribosome display, cell surfaces display on Staphylococci and 

yeast displays have been developed and implemented in the generation of different kinds of 

affinity reagents (53, 54). 

 Antibody fragments are also produced in E.coli and already in 1988 there were two 

articles published that descried how functional antibody fragments could be produced in 

E.coli (55, 56). This technology has since then been developed and is today widespread (57). 

 

Other kinds of affinity reagents 
 

There are an increasing number of affinity reagents without immunoglobulin as template. 

One of them is scaffolds called Affibody molecules. The origin of Affibody molecules is the 

B domain of protein A which is a Stapylococcus aureus protein and consists of 58 amino acids 

(58). By randomization in 13 of the surface exposed amino acids on two α-helices that are 

involved in the Fc-binding activity, libraries of binders can be produced and these can be 

used for screening of desired binding properties (59).   

Another one is DARPins that stands for Designed Ankyrin Repeat Proteins and is 

another example of a biotechnical designed scaffold. The original ankyrin repeat proteins are 

natural receptor proteins located mostly in cellular cytoplasm but are also present in the 

extracellular compartments (60, 61). 

Binders developed from the 10th fibronectin type III domain are named monobodies/ 

AdNectins. The fibronectin is a 94 amino acid large molecule with a β-sandwich structure 

that resembles the Ig structure. (62, 63) 

Anticalins are molecules that have been developed from lipocalins with combinatorial 

techniques. Lipocalins are a family of transport and storage proteins for vitamins, hormones 

and secondary metabolites with a central highly conserved β-barrel (64).  

Aptamers is another kind of scaffold that can be used as affinity reagent. Aptamers are 

synthetic single stranded DNA or RNA molecules with a unique 3D-structure that makes it 
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possible to specifically bind target molecules (65). They can be amplified by PCR and 

through repeated cycles of amplification and screening be affinity matured (66).  

More about different scaffolds and their usability can be found in two review articles 

written by Nygren and Skerra (67, 68). 

Protein microarrays - production and application 
 

A microarray is an ordered structure of samples such as DNA, proteins or other sample of 

interest. This technique took off during the 1990s with the evolvement of the DNA 

microarrays (69, 70). The principles of miniaturized and parallelized immunoassay where 

already described in the late 1980s by Roger Ekins (71). Although, it was not until the end of 

the 1990s that the protein microarrays developed (72-75). At that time DNA microarrays and 

the tools needed to produce microarrays in a high-throughput fashion were established. The 

principle is to miniaturize and parallelize the assay to get as much information as possible 

from one run. Although, it was challenging to adapt to protein microarrays, since proteins 

are far more complex to work with than DNA. One of the biggest limitations was and still is 

the production of proteins used for the production of the protein arrays. Today protein 

microarrays are established and used in many different applications (53, 76). A lot of 

expectations are put into the technique as a diagnostic tool and a screening tool for new 

biomarkers and targets for new drugs. 

 

Different approaches of protein microarrays 

 

Antigen microarray 

 

An antigen microarray consists of immobilized antigens on a solid support. The antigen can 

be recombinant proteins used for large scale screening or it can be allergens used for 

diagnosis of allergy (77).  Antigen microarrays can be used as a validation tool of polyclonal 

antibodies (24, 78) or as a screening assay for human autoantibodies (79, 80). In Ayoglu et al. 

more about different antigen microarray applications can be found (53). Antigen microarrays 

can be a valuable tool for validation when new affinity reagents are produced. The specificity 

of an affinity binder is important, in order to be sure that the molecule that is detected is the 

wanted target. There is a growing need to get a deeper understanding of different 

autoimmune diseases and here antigen microarrays could be an important tool to give new 

information and new targets that could be used in both diagnosis and therapy of these 

diseases. There have been studies with antigen microarrays as a tool for identification of the 

immunodominant pathogen in different infectious diseases (81, 82).    
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Antibody microarray 

 

Antibody arrays can be produced with polyclonal, monoclonal, single chain variable (scFv), 

Fab, Affibody molecules or other kinds of affinity binders. Antibody microarrays are 

together with antigen microarrays the most widly used protein microarrays. There is an 

example were small size arrays are used in a diagnostic application. This application is used 

for diagnosis of acute coronary syndrome (ACS) (83). A limiting factor is the expense and 

lack of available antibodies and this is indicated when looking at the size of the produced and 

published studies with antibody arrays. It is usually from ten and up to a couple of hundred 

antibodies that are included. One of the larger antibody arrays were produced by Schröder et 

al. and contained 810 antibodies directed against 741 different proteins (84). There are 

already initiatives taken to use the arrays for large scale protein profiling, even if the one 

referred here is based on a bead based assay (85). This kind of initiative will open up a new 

field that can be used in parallel with e.g. mass spectrometry protein profiling. This will 

hopefully give many new biomarker candidates and potential therapeutic targets. There is a 

lot of potential in using antibody arrays both as a diagnostic tool, but also as a 

biotechnological tool.   

Peptide microarray 

 

Peptide microarrays are similar to antigen microarrays and could possibly be used more or 

less in the same applications. In the last years these kind of microarrays have been improved 

a lot and there is a potential to synthesize millions of peptides directly on a glass slide (86). 

This gives a new opportunity to have a whole proteome on the same slide. There are 

limitations in using peptide microarrays due to lower affinity, structural issue compared to 

the native or recombinant protein and that the binding regions might not be fully covered. 

Because of this, peptide microarrays are today used as a complement to antigen microarrays 

(87). Another promising application for peptide microarrays is epitope mapping of proteins 

and this might be a breakthrough for the peptide microarrays (30, 88).  

 

Reverse-phase microarrays 

 

A reverse-phase microarray is constructed by spotting a complex sample e.g. human tissue 

lysate or serum/plasma on a solid support. The strength of doing this is that thousands of 

patient samples can be screened in a single run at equal conditions (89). Due to the fact that 

the amount of sample deposit is small, there is not much patient sample needed for the 

analysis. On the other hand this is one of the drawbacks with these kinds of microarrays 

because the number of molecules of each protein in the sample will be very low, it might be 

below 100 molecules (53). In a study done by Janzi et al. with a serum microarray targeting 

IgA, the sensitivity was in the lower µg/ml range (89). This shows that the sensitivity today is 
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not good enough for the low abundant proteins (concentrations below µg/ml) in these kinds 

of studies. Although it can still be of interest due to the fact that thousands of samples can 

be tested at the same time and for medium to high abundant proteins this could be useful. 

Still there are possibilities to enhance the signal and there have been some studies to do this 

(90). In the future there might be new amplification techniques that could be used to increase 

the sensitivity for reverse-phase microarrays and then they could be a very good tool for 

large scale screenings of large patient cohorts.  

 

Production of protein microarrays 

 

In protein microarrays, proteins are printed with a robot and immobilized on a solid surface. 

Microscope slides are usually used, with an adsorbent or a chemically activated surface. This 

implies that there is a small amount of protein solution that is deposited either by a drop or 

by physical contact with a steel pin. The amount of material that is deposited is usually 100-

400 pL. This will result in a spot size of about 100-300 micrometer on the solid support. 

Tens of thousands of spots can be placed within one slide and the possibility to print many 

different proteins in one slide is one of the advantages with planar protein microarrays. If the 

purpose is screening a lot of proteins with many different patient sample it is achievable, but 

the throughput will be rather low. The throughput can be improved if there is not more than 

about 1000 proteins/samples that are being included in the study. Then the slide can be 

divided in different sub arrays with up to 1000 proteins in each.  

 

Printing robots 

 

A very important component when producing protein microarrays is the printing robot, 

which is a device that very precisely delivers a small amount of the sample onto a solid 

support. There are two main methods of printing microarrays and those are, contact and 

non-contact printing. If contact printing is used there is a robot equipped with a steel pin 

that deposits the sample. The system can differ, either there is only a solid steel pin that 

prints the amount of sample that sticks to the pin or the sample can be aspirated by capillary 

forces into a compartment in a split pin. There is also one concept with a pin and a ring, 

where the ring is immersed into the sample. During a print run the printing steel pin pass 

through the ring and deliver sample down on the surface. The idea with the later ones is to 

pick up more volume to improve the amount of spots that can be produced. The contact 

printing has the advantage that there is always very good alignment of the different spots, but 

there are some limitations, especially when proteins are printed. When printing with a contact 

printer there are often more problems with doughnut effects, which means that there is a 

ring of the sample in the edge of the spot but not much sample in the middle. One limitation 

with the system is the fact that there cannot be any systems to control if sample is delivered 
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or not. One of the biggest problems for proteins is that there is quite high risk of 

contamination of other proteins if more than one is printed due to the stickiness of proteins. 

Proteins can be difficult to wash off due to adherence to the surface, especially if a split pin is 

used. The proteins might be negatively affected by the fact that the pin touches the slide 

surface.  

 Non-contact printing is done by deposits of droplets. With this technique a well-

defined drop of usually between 100-400 pL is dispensed on the surface. This means that the 

surfaces are left untouched and there is a possibility to calculate how much of the protein 

that is deposit on the surfaces and that the sample is delivered to the surface. There are 

better opportunities to wash out the protein solution that are not printed before the next 

protein will be printed. There is usually quite large volumes that can be aspirated which 

means that a lot of spots can be spotted with only one aspiration. One drawback is that they 

are more sensitive to disturbance during printing which can result in bad alignment of the 

spots.  

 One key issue with printers is the flexibility to make different patterns. Other issues are 

the speed of the printing and how many slides that could be produced in a single run. The 

most advanced non-contact printers today work with higher speed than previous printers 

and they are equipped with more dispensers which means that more sample can be printed in 

parallel. Additional equipment such as control of the temperature and humidity can be 

installed. There can be stackers for both sample plates and slides added for large scale 

production.  

 

 Surfaces and immobilization 

 

There is a large diversity of solid supports that can be used for protein microarrays on the 

market (75, 91, 92). In table 1, different surfaces are listed that can be used and the binding 

mode that is used for the immobilization. Unfortunately, there is no universal surface that 

could be used for all kinds of protein arrays. Every new application has to start with an 

optimizing step were the optimal solid support and other important parameters has to be 

established. One effect of the immobilization can be that the epitope is hidden or that the 

protein can be degraded. As can be seen in table 1 there are many different kinds of surfaces 

such as covalent coupling of the proteins or adsorption. There could be a risk of using 

surfaces that include hydrophobic interactions due to the risk of exposure of hidden residues 

that are needed for the stability of the protein which could cause denaturation of the protein 

(93, 94). Hydrophilic surfaces can be favorable in this respect, nitrocellulose-coated slides can 

be stored for many months (91). Unfortunately nitrocellulose-coated slides are usually 

associated with high unspecific binding, especially when fluorescent detection system is used. 

Then different kinds of hydrogel slides could be an alternative. At least for antibodies there 

has been shown that the sensitivity has been affected positively when covalent 

immobilization has been used (95, 96). If oriented immobilization is used it is not necessarily 

advantageous to random immobilization, but it could be easier to interpret the result (96). 
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There are a lot of studies done on different surfaces to investigate the best properties for 

protein arrays which is a very important factor when producing protein microarrays. Thereby 

not said that there is a general guideline of what should be the best solid support.  

Table 1. Some of the surfaces that can be used in protein microarrays. 

Surface chemistry Binding mode/ reactive groups 

Epoxy Covalent/ amino, thiol or hydroxyl groups 

Aldehyde Covalent/ amino groups 

Poly-L-Lysine Adsorption, ionic interaction 

Aminosilane Adsorption, ionic interaction 

Amine Covalent/ amino groups 

NHS Covalent/ amino groups 

PVDF Adsorption 

Nitrocellulose Adsorption 

Polystyrene Adsorption/polar groups 

Polyacrylamide gel Adsorption, interactions with the 3-D matrix 

Biotin immobilized in polycarboxylate 

hydrogel 

Streptavidin/avidin/ neutravidin 

Polycarboxylate hydrogel, NHS activated Adsorption, amino groups  and interactions 

with the 3-D matrix 

Ni²+ ions complexed  in polycarboxylate 

Hydrogel 

Poly histidine tag 

Protein A polycarboxylate hydrogel Human immunoglobulin proteins 

Streptavidin polycarboxylate hydrogel Biotin 

     

 Blocking of substrate 

 

Blocking the surfaces that are not immobilized with protein is an important issue when 

working with protein microarrays. This can be tricky and a lot of testing might be needed to 

find a good blocking solution. Usually this is done with some kind of protein blocking. The 

most common used is bovine serum albumin (BSA) or milk or a combination of them. There 

is a growing commercial market of blocking solutions. Different kinds of chemical blocking 

e.g. ethanolamine can be used for some of the activated surfaces. It is important to find a 

proper blocking solution for the assay that is developed to get the background signal as low 

as possible to reach a good signal to noise ratio. One problem could be that the blocking 

solution decreases the interaction signal from the spotted protein due to steric hindrance. If 

the assay setup is not that complex with antigens and antibodies there is usually not a big 

effort to find a proper blocking solution. The situation is totally different if crude body fluids 

like, serum/plasma, CSF or urine are used. Then it can be a challenge to find something that 

work satisfactory in the assay.  



Protein microarrays for validation of affinity binder 

 

12 
 

Sample labeling and detection systems 

 

There are many different detection systems that can be used, but in protein microarrays 

fluorescence based are most frequent used (97). Some research groups use chemiluminescent 

detection (98).  

There are two different ways of labeling the samples that are being tested: direct 

labeling or indirect labeling. Indirect labeling, called sandwich assay, is an approach where the 

proteins in a complex sample like plasma are captured on an antibody array, then a second 

complementary fluorophore conjugated antibody is introduced for detection (99). This 

system is usually more sensitive, but the limitation is that there have to be two antibodies 

against the same target. It can be difficult to find two validated antibodies against the same 

target and it will be expensive if many targets are tested.  

Direct labeling means that the sample is labeled with e.g. a fluorophore and then 

incubated on the slide. Han et al. used an approach where they labeled the sample with two 

different fluorophores (84, 100, 101). This assay format is used a lot in DNA microarrays. 

The idea is to get a ratio between these two fluorophores. A problem with an approach like 

this is that the different fluorophores can give rather different signals and one have to be 

aware of that and try to avoid differences that are related to technical reasons (102). There is 

a risk that low abundant proteins can be missed due to the fact that the limit of detection is 

increased when the two different labeled samples compete for the same target (103). Haab et 

al. has improved the two color assay by including a rolling circle amplification (104, 105). It is 

also called direct labeling when the sample is labeled with e.g. biotin. In these types of assays 

the biotinylated samples are incubated on an antibody array and then the detection is done 

with a fluorophore conjugated streptavidin. 

 In antigen microarrays the detection is usually done with a fluorophore conjugated 

secondary antibody which is specific for the host animal in which the primary antibody is 

produced.  

There have been studies to compare different labeling strategies to find out advantages 

and disadvantages with the different approaches (103, 106). 

 

 Incubation, scanning and data evaluation 

 

When the microarray surface is printed and blocked the slides are ready for use. How this is 

done is very much depending on what kind of protein microarray that is produced and what 

kind of questions that are to be to answered with the assay.  

First of all the sample of interest, which can be antibodies or human serum/plasma or 

other kind of body fluid, depending on the setup, are put on the slide and incubated for 1h 

up to 24 h. After that, unbound material is washed off. If the sample is not directly labeled 

with a fluorophore a secondary antibody e.g. an anti-rabbit/anti-human antibody label with a 

fluorophore or other kind of detectable reagent is put on and incubated, usually 1 h. When 
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this is done the slide is washed again to wash away unbound secondary antibody and after 

that the slide is dried and scanned. 

The evaluation of the scanned slide is done with an image analyzing software, which 

translates the fluorescent signals into numbers that can be analyzed using different kinds of 

statistical methods often in a statistical program like R or equal.  

Bead based protein microarrays 

 

In a bead based system the solid support is color-coded microspheres that can be identified 

with a flow cytometry based system (53, 74). Today there are 500 unique color-coded 

microspheres available, which means that this is the upper limitation of how many analytes 

can be tested. Each of these beads can be coupled to an antibody or antigen in suspension 

and after coupling the different beads can be mixed together. This is very flexible due to the 

fact that when the beads are coupled there are no limitations how they can be mixed 

together. In contrast to planar arrays the whole procedure is done in suspension which 

means that there is no drying that can make the coupled molecule inactivated or denatured. 

The suspension setup means that there are better possibilities to make the whole process 

automated by robots. Compared to planar arrays the bead arrays are faster when analyzing 

many different patient samples due to the fact that it is only adding more wells in the 

microplate and there is no image analysis.  If slides are used, many slides have to be included 

and there is also a scanning and image analysis. The limitation compared to planar arrays is 

that there are only 500 unique bead identities instead of, in theory, theoretically tens of 

thousands on planar microarrays if one slide is used for one sample.    

 The procedure starts with coupling the beads, where a specified amount of antibodies 

or antigens is added to a specified amount of beads. The coupling efficiency is checked with 

a flow cytometer based system. The beads are mixed together to create a microarray in 

suspension. Then sample is incubated with the beads and as in planar microarrays it can be 

done by direct labeled samples or indirect labeled samples. In bead based system the 

detection is done by fluorescent dyes. More about specific details for bead coupling and 

sample labeling can be found in two articles by Schwenk et al (78, 85).  When the incubation 

is done the incubated beads are detected in a flow cytometry based system equipped with 

two lasers. One detects the identity of the bead and the other the intensity of the signal from 

the coupled sample. In the output file from the system, the mean intensity of all the beads 

with the same identity is reported as well as how many of  that specific bead identity that are 

counted. It is always more than one bead that is counted, usually it is set to count at least 50 

beads/well of the different bead identities included. This means that the output data is a 

mean value based on at least 50 different beads and the signal generated from each of them. 

It is more convenient when no external image software has to be used for the analysis of the 

result. The image analysis is usually one of the most labor intensive steps when working with 

planar microarrays. The bead based protein microarrays are a quite easy system to work with, 

but it has its limitations due to the number of unique beads that are available. Looking into a 

user perspective, this system is much more user-friendly and it is much more flexible because 
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the different beads can be mixed in any combination while the planar array have a fixed 

pattern even if you can include many spots but then the cost can be an issue.   

Present investigation 
 

When the HPA project started 2003, the standard method to validate the specificity of the 

produced antibodies was dot blot (Figure 1). If dot blot is compared with one of the sub 

arrays produced today incubated with a HPA antibody there is a substantial difference, as can 

be seen in Figure 1. The development of the protein array accelerated during 2004. There 

was a thorough discussion about the robustness of the microarray and if there should be any 

cut off values when an antibody should not be approved. The conclusion was that it worked 

and the dot blots were replaced by antigen microarrays produced with the PrEST as the 

method for specificity validation of the produced antibodies. Up until today more than 

32.000 antibodies have been tested on the platform and almost 29.000 of them were 

approved. 

 The PrEST arrays have been the foundation of my work at KTH and continuous 

development of both the equipment and the assay itself has been done. Spin off projects that 

started with the serum arrays in 2005 (89), have been on the schedule.  The work has also 

included many different projects with other PhD students such as printing of Affibody 

molecules in different kinds of applications, lateral flow applications and a collaboration 

concerning labeling of antibodies. In the latter, my part was to check that the labeling worked 

as it should (107).  

 To be able to compare different strategies, three different assays were set up to validate 

the specificity of antibodies produced in the HPA project. The microarray assay was 

compared with an assay in a compact disc format (108) and a bead based array (78).   

    

Figure 1. Dot blot compared with the antigen microarray used today in the HPA project. 

 Many hours have been spent to be able to produce antibody arrays based on the HPA 

produced antibodies. Many different types of slides, blocking buffers and assay buffers have 

been tested through the years (109).   
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Validated affinity reagents – an important factor in today’s 

biotechnology 

 

Why is it important to have validated affinity reagents to work with? First of all, it is a lot of 

money involved in affinity reagents and since they are valuable and crucial for the assays the 

purchaser needs to be sure that the reagent works. If there is an affinity reagent that does not 

work at all, a lot of money and time is wasted. If the affinity reagent that is bought is 

unspecific, much time is spent on investigating something that in the end shows to be of low 

value. Therefore, it is in the researcher’s interest that better and more similar validation 

strategies are set up for the affinity reagents that are commercially accessible. If there is no or 

limited information of the validation of the affinity reagent, the researcher has to put 

valuable time to investigate that the product that is bought work as it should. To speed up 

the growing market of affinity based diagnostics, there is a need for a more generally 

approved validation strategy for affinity reagents. It is important that this validation is not 

too time consuming and that the cost is not too high which will limit the reagent to reach the 

market. Today there are many different ways to test the antibodies such as western blot, 

immune precipitation and many more. Unfortunately there is no general agreement on what 

should be done and what kind of cut off that should be used to be able to state that an 

affinity reagent fulfills the criteria of being a validated and fully functional reagent. A first 

step could be if all producers of affinity reagents published all available data of the reagents. 

  

Paper I  

 

In the first paper, the structure of the production line in the HPA project 2005 is presented. 

The focus of the paper lies on how the antibodies are purified from rabbit sera and how 

these mono-specific antibodies are characterized. There are both similarities and differences 

compared to the structure of the project today. First of all, the size of the project is much 

larger today and more methods are involved to further characterize the antibodies. Today the 

antibodies are also tested with Western blot and they are used in immunofluorescence to get 

a picture of the subcellular localization of the proteins. There are projects ongoing that deal 

with plasma profiling and epitope mapping of the antibodies that are produced. Despite of 

these changes, the set up for the other methods is similar to how it is today. The affinity 

purification is done in the same way but more streamlined and the tissue microarrays that are 

used have similar appearance today as they had in 2005.  

 A microarray containing 72 different antigens (PrESTs) that were printed in 12 

different sub arrays on an epoxy slide is presented. This was a great progress since the 

previous method was dot blot with only 4 spots, three different antigens and one negative 

control. Today the immobilization surface is still the same but the size has been increased so 

that one slide contains 384 different antigens in 21 sub arrays. In 2005 much of the 
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incubation on the microarrays was made manually but today a lot of that procedure is semi-

automated. 

There is no presentation of the development and all the tests that were done with 

different surfaces, printing robots, blocking buffers, incubation times, washing and different 

masks to separate the sub arrays. In 2005 there was a lot of DNA microarrays produced at 

KTH with very high quality. Therefore, there was a lot of knowledge in house how to 

produce microarrays. However it is much more difficult to produce protein microarrays than 

DNA microarrays since proteins are more complex than DNA. Much time was spent to find 

the most appropriate surface, blocking solution, washing protocol and so on. Although some 

advice can be found in published articles, there is still a lot of trial and error that has to be 

done in the laboratory to find out the best solution for the assay.  

In the paper, 96 % of the 464 tested antibodies were approved for further use, 19 % 

were approved with the comment low specificity and 2 % were failed due to low specificity. 

Today these numbers are 88 % approved and of these 17 % were approved with low 

specificity and 6 % were failed due to low specificity. It is interesting to see that today there 

are fewer antibodies that are approved with low specificity but there are more antibodies 

failed with that comment. This can partly be explained by the fact that there are now 384 

PrESTs on each array instead of 72. Maybe the lower percent of antibodies that are approved 

with low specificity could be explained by better purification routines. Another consideration 

to keep in mind is that the antibodies today are more diluted than they were in 2005 which 

will result in what might appear as less unspecific binding.  This can also be indicated by the 

fact that 1.1 % of the antibodies in the paper were failed due to high background compared 

to 0.3 % today. This is due to insufficient depletion of tag-specific antibodies and the 

problem is eliminated with better purification routines. 

When the antigen microarray was implemented in the HPA project it was shown to 

work very well. Today it is obvious that it has worked well as a validation tool for the 

produced antibodies. Much of the effort that has been invested in the antigen microarray has 

been valuable when other kinds of microarrays have been developed. The antigen array has 

proven to be a helpful tool to generate antibodies that function well in both 

immunohistochemistry and in the immunofluorescence.   

 

Paper II 

 

The second paper is based on the set-up of a bead based assay for specificity determination 

of mono-specific antibodies. The set-up is similar to what was done on the planar 

microarrays in the first paper. The bead based assay is presented as an alternative to the 

planar microarrays. In the study, 84 mono-specific antibodies were run in parallel on both 

the planar arrays and the bead based arrays and the results were compared. Another purpose 

with the study was to show that it was possible to set up a multiplexed assay with up to 100 

different bead identities. Until then, no set-up of this complexity had been published. It was 

found that there was no need for any washing steps during the run which simplified the 

handling throughout the run. Most of the 84 tested mono-specific antibodies showed similar 
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results in both assays. When there was unspecific binding in the planar microarray, the same 

unspecific binding could be seen with the bead array. There was one case with a mono-

specific antibody that did not show any interaction in the bead based assay. The 

corresponding PrEST was short and one explanation could have been that the epitope was 

masked on that specific antibody. This is due to different chemistries used to immobilize the 

PrESTs in the two assays. In the planar array, epoxy chemistry was used, while in the bead 

based assay N-hydroxysuccinimide ester chemistry was used. There could have been some 

kind of masking effect, due to the fact that out of the 55 amino acid long PrEST in total 11 

were either lysine or arginine. One suggestion to solve this issue is to use direct labeling by 

biotin-avidin or through a His6-chelator. This was not tested due to the fact that it will be a 

non-covalent interaction, which raised some new concerns about the stability. The bead 

based assay is a multiplex set-up and the use of a non-covalent strategy could lead to that 

antigenic information could be transferred between different bead identities. Therefore it was 

suggested that more testing has to be done before a strategy like this could be implemented.  

It was shown that the bead based assay was comparable with the standard planar 

microarray set-up used in the HPA project. The parallel run that was performed with 84 

mono-specific antibodies showed similar results even if there were differences in signal 

intensities. This can be explained by differences in what dyes that are used and differences in 

the readout system. There are fewer steps involved in the bead based assay compared to 

planar arrays which makes it easier and faster. Due to the fact that there is no scanner or 

image analyzing software needed for the bead based system it might be a better choice to the 

laboratory that want to set up such an assay if this equipment is not already available in the 

laboratory. At the time of the study, the limiting factor for the bead based system was that 

there were only 100 different bead identities that could be used. Today that number has been 

raised to 500. Still, there are no such limitations when planar microarrays are used. In this 

context, where a limited number of antibodies will be tested in each batch, the planar 

microarrays should be considered as a better choice due to the cost of the beads and the 

storage of the beads. 

The bead based assay is a much more flexible system and if a lot of different antibodies 

or biological samples are to be tested, it is a cheaper and faster system. The problem is the 

limitation in how many targets that can be tested in the same run. This can partly be solved 

by multiple runs with the same sample but different target but then there will be an issue 

with plate to plate variations.  

Even if decided that the antigen microarray was the assay to be used in the HPA 

project the bead based array has been used in many other applications such as the plasma 

profiling and the epitope mapping. The development and assays set-up that was done for the 

validation of antibodies have been useful for the further work with the bead based array. 

This is one of the advantages with large projects as the HPA project. There are large 

quantities of material to work with and there are always different kinds of development 

projects ongoing. Therefore, something that shows to not work in one part could be useful 

in another part of the project. This has been done in the HPA project in order to find out as 

much about the human proteome as possible and it will probably result in many useful 

products for both diagnostics and therapeutics in the future.   
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Paper III  

 

In the previous papers, it was shown that PrESTs could be immobilized on both microscope 

slides and microspheres and these two different assays were used as a tool to determine the 

specificity of the antibodies produced in the HPA project. In the study presented in paper 

III, the planar antigen microarray was further developed to be used as a validation tool for 

other kinds of affinity regents produced externally. The article is part of a bigger international 

initiative to produce well characterized renewable affinity binders. The affinity binders 

included in the study were directed against SH2-containing human proteins. In the study, 

four different kinds of affinity reagents were included; mono-specific HPA antibodies, 

mouse monoclonal antibodies, recombinant single-chain variable fragment (scFv) and 

fibronectin-based binders that were produced by six different academic laboratories. A 

protein microarray was constructed including 432 antigens, whereof 384 PrESTs and the 

others produced by the Structural Genomics Consortium (SGC) at Karolinska Institute. Of 

the PrESTs that were included, 85 were SH2 domain containing proteins and all of the SGC 

produced proteins contained SH2 domains.  

The functionality of the PrESTs was known, while the behavior of the SGC proteins 

was unknown. These proteins were delivered with varying concentrations and it was decided 

to print them both as they were delivered but also diluted. When the affinity reagents were 

tested, it was shown that the SGC proteins could be printed in the same way as the PrESTs 

and their functionality was equal to the PrESTs.  

 All in all, 401 affinity reagents were tested on the produced protein microarrays, some 

of them where tested more than once due to unsatisfactory results. All included participating 

laboratories had affinity reagents that were approved and at least one affinity reagent 

targeting the included SH2-containing proteins was approved. Most of the proteins had 

multiple affinity reagents that were approved. 

 As the case is in the HPA project in whole, there is anything from one spike of binding 

to the right target to binders that bind all of the antigens. This can be adjusted by dilutions or 

can in some cases have a possible explanation of targets that have similarities in their amino 

acid chain. This is truly a big challenge for the future since very few proteins are expressed 

specifically in one organ. There are a lot of regulation mechanisms in the body to fine-tune 

the amount of proteins in different parts of the body. This kind of regulation mechanism 

cannot be included in a microarray and it has to be investigated what are normal levels of a 

specific protein and what indicates a disease state. Therefore we might in the future see 

another definition of how a pattern for an affinity reagent should look like to be used as a 

biomarker. One suggestion could be that the results from an assay are presented with a 

number of different concentrations which could be similar or very different. More 

investigations with different kinds of assays are needed to show that the affinity reagent is 

specific enough so it could be used for diagnostic purposes.       

 The study showed that it is possible to print proteins produced by other laboratories 

on the protein microarray platform that is used in the HPA project. Furthermore it was 
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proven that the platform can be used as a validation tool of the specificity not only for the 

HPA produced mono-specific antibodies but also for other kinds of affinity reagents. This is 

important because if the assay that is used for the validation can be used for all different 

kinds of affinity reagents it will be easier to compare the different behavior and in that sense 

find the most appropriate reagent to proceed with. 

 

Conclusions  

 

Today there are no general agreements about how to validate affinity reagents and this cost a 

lot of money and restricts the growing market of affinity based diagnostics. Therefore, better 

international agreements on how affinity reagents should be tested to be regarded as 

functional reagents are needed. One of the most important issues is the specificity of the 

affinity reagent. There has to be agreement in what kind of application specific validation 

that is needed, because different assays need different validation of the antibodies that are 

used. It would be too expensive to have the same validation for all antibodies that are 

available but there has to be a basic level. Then the suppliers should specify in what kind of 

assays they recommend their affinity reagents and have appropriate validation for that.  

In this thesis, it is shown that the protein microarray platform that was established 

within the HPA project at KTH is a very good tool to determine the specificity of different 

affinity binders. The protein microarray could be used in future collaboration as a tool to 

produce specific affinity binders against different targets. In the presented papers, it has been 

shown that the assay is not only usable with the antigens and affinity binders that are 

produced in the HPA project but also with reagents produced by other research groups 

around the world. The methods have to be able to handle different kinds of affinity reagents 

produced at different laboratories. The methods should be so easy to use and so robust that 

there is no difference by whom and where the assay is carried out. There is still much work 

needed before such generally accepted and standardized methods are established. There are 

promising indications that shows that we are heading in that direction, e.g. by researchers 

publishing articles where they demand better and more standardized methods for affinity 

reagent validation. 
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Abbreviations 
 

ACS   Acute coronary syndrome 

BSA  Bovine serum albumin 

CDR  Complementarity determining regions 

CSF  Cerebrospinal fluid 

ELISA Enzyme-Linked Immunosorbent assay 

Fab   Fragment, antigen binding 

Fc   Fragment, crystallizable  

Fv  Fragment, variable 

HPA  Human Protein Atlas 

IHC  Immunohistochemistry 

IF  Immunofluorescence 

Ig  Immunoglobulin 

NHS  N-Hydroxysuccinimide 

MS  Mass spectrometry 

PrEST  Protein Epitope Signature Tag 

PVDF Polyvinylidene fluoride 

RIA  Radioimmunoassay 

scFv  Single-chain variable fragment 

SPR  Surface Plasmon Resonance 
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