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Abstract 

Affinity proteomics has experienced rapid development over the last two decades and one of 

the most promising platforms to emerge are the protein microarrays. The combination of 

affinity reagents and miniaturisation enables assays for simultaneous high throughput and 

sensitive protein analysis. Due to the combination of these desirable properties, a multitude 

of protein array platforms for rapid and efficient study of proteomes and protein interactions 

are in use today. Although the protein microarray field has more than two decades of history 

to look back on the development of new protein microarray platforms continues to this day 

and beyond. 

In the paper I in this thesis, a microarray of eluates from dried blood spot samples collected 

from neonates were designed and utilised for detection of complement factor 3 (C3) 

deficiency. The data acquired from the microarrays platform were compared to C3 levels 

obtained through enzyme-linked immunosorbant assay (ELISA), and the microarray assay 

were found to separate the C3 deficient samples from the controls. The conclusion of this 

investigation was that the microarray platform would be suitable for high-throughput 

screening of C3 deficiency in neonates. Paper II outlines the work in developing a multiplex 

platform for validation of affinity reagents. A set of 398 affinity binders, originating from five 

research groups, were profiled against 432 antigens and representing both polyclonal rabbit 

antibodies, monoclonal mouse antibodies, and recombinant single-chain variable fragments. 

Approximately 50% of the binders were found to preferably recognise their intended target 

while 10% of the binders did not generate any, or low, signals with their respective targets. 

For paper III, a reverse phase array (RPPA) platform using fluorescence-based detection of IgA 

deficiency in over 2.000 samples where validated on a label-free detection system and ELISA. 

The data from the label-free platform and the RPPA were found agree well with each other 

while data from ELISA did with neither of them. It was found that the label-free platform 

proved to be well-suited for detection of IgA in serum. Paper IV describes one of the world’s 

largest protein microarrays containing 21.120 recombinant protein fragments. We describe 

some of the possible applications of these large-scale arrays, such as binding profiles for the 

validation of antibodies with 11.520 and 21.120 recombinant proteins, as well as screening 

for autoimmunity in human serum samples.  
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Populärvetenskaplig Sammanfattning 

Allt levande, från virus och bakterier, till växter, människor, och andra djur, består till stor del 

av något som kallas proteiner. Dessa proteiner sköter om alla de processer som sker i och 

mellan celler som gör att cellerna och de vävnader de ingår i, samt vi som tänkande och 

levande varelser, kan leva och föröka oss. När en individ blir sjuk, eller på något sätt förändras, 

så är det möjligt att se det som en förändring i proteinernas produktion och samverkan. Detta 

gör att det är av mycket stort intresse att kunna studera uttrycket av proteiner. Det finns dock 

ett mycket stort antal olika proteiner, i människan uppskattar man det till att vara över 

hundratusen, varav många proteiner är väldigt lika varandra och därmed svåra att åtskilja. 

Detta innebär att studiet av proteiners uttryck och deras samspel kan vara mycket utmanande, 

framförallt i biologiskt härledda vätskor såsom blod där nästan alla proteiner finns närvarande, 

fastän med mycket stora koncentrationsskillnader. 

Ett sätt att ändå göra detta är att använda proteinernas förkärlek för att interagera med 

varandra, och då framför allt en viss typ av proteiner som kallas för antikroppar. Antikroppar 

är grupp av proteiner som produceras av ryggradsdjur och vars uppgift i kroppen är att urskilja 

och känna igen specifika proteiner även i väldigt komplexa proteinblandningar som t.ex. blod. 

Genom att använda sig av antikroppar, och andra biomolekyler som fungerar på ungefär 

samma sätt, så kan man då studera proteinsammansättningen även i dessa komplexa 

biologiska prover. 

Eftersom det finns så många proteiner vill man ofta studera många proteiner samtidigt och 

ett sätt att gör det är genom att använda sig av så kallade mikromatriser. En matris består av 

kända enheter ordnade i rutmönster med kända positioner och en mikromatris är följaktligen 

en matris på mikrometerskala. Vad det innebär i praktiken är att man använder specialiserade 

instrument för att placera väldigt små mängder av olika proteiner på fasta underlag i små 

matriser och på detta sätt så kan man utföra analyser på tiotusentals proteiner eller prover 

samtidigt. 

 När man går ner i skala till mikroskalan, och samtidigt upp antal samtidiga analyser till 

tusentals, så får man dels både speciella problem och samtidigt helt nya möjligheter jämfört 

med traditionella analysmetoder. Det är arbetet med att dels lösa dessa problem samt 

utforskande av dessa fantastiska möjligheter som denna avhandling behandlar. 
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Preface 

Many years ago I was standing in a dusty construction site looking at a steel beam that I, then a 

carpentry apprentice, and my team partner, the carpentry master, were supposed to fire-proof 

according to set specifications. Not only did this require a specific set of fire-proofing goals to be 

reached, but those goals had to be reached while still making the beam fit in to the space defined by 

the blueprint. Due to the fact that those who makes blueprints quite often live in a different world 

than those who has to make the blueprints become reality some problem solving was needed to 

achieve the set goals. As my master were complaining about the impossibility of the task ahead I was 

silently contemplating how construction work is mostly problem solving and how some people got 

paid a lot more for solving problems, and without having to get dusty and dirty every day and retire 

early from worn out backs, shoulders and knees. As I explained to my master how the work should be 

done I was slowly starting to realise that maybe I should do something else in my life, maybe something 

like engineering. At that time the construction business was in a slump and I kind of enjoyed the 

downtime that was common when between jobs, as that gave me plenty of time to read interesting 

books instead of breathing asbestos filled air in badly run construction sites. But nothing lasts forever 

and once I myself became a carpentry master and when the construction business once more started 

to get busy I went back to school to see what else there was to learn, and if I could get enough grades 

to enter university to escape the harsh reality of manual labour. I already had my sights set on 

engineering but I had not decided on whether it would be in mechanics or chemistry. But as I got a 

lower grade in physics, due to the physics teacher getting a heart attack during test grading and my 

test never being found by the substitute teacher, I decided that chemistry was the way to go. 

After a few interesting years at university I finished my master thesis at the School of Biotechnology at 

KTH and started working in what then was called the “PrEST Array group” where we were slowly trying 

to build up the protein microarray platform for validation of Human Protein Atlas antibodies. This 

supplied me with ample opportunities to do some interesting problem-solving besides the mind-

numbing routine antibody dilutions, and although I was constantly planning to leave Stockholm and 

return to my home town I never seemed to be able to leave. I guess the longer and darker winters and 

my lack of interest in heavy industry, snowmobiles, winter sports, or hunting contributed to my 

extended stay in Stockholm. 

I quickly discovered that working with a technology that is so widely useful seem to always supply you 

with new ways of being creative and to discover new amazing possibilities, especially if you are free to 

improvise and to perform whatever test you wish without the need of immediate publishable results. 

Over the years I acquired the knowledge and knowhow, which have now resulted in this short text, in 

an almost organic way and only a small part of it could be fit between these book covers. The most 

important knowledge that I have acquired since I started working with arrays is not really the technical 

details concerning microarrays, but rather a way of thinking that I was never taught in school. 

Unfortunately that is not easily translated into text, so general technical details of protein microarrays 

will have to do. Owing to the diverse nature of the field of protein microarrays I can only describe a 

small part of it. However, I have tried to include the three microarray variants that I have come in direct 

contact with, but this is in no way a complete description. I hope that you will enjoy reading this book 

just as much as I enjoyed writing it, because life should be about having fun. 
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Introduction 

Most organism that we usually think about as “alive” consists of one or more cells. These cells 

are composed of a lipidlayer encapsulating a biomolecular machinery and the information 

describing how the biological machinery should be constructed and function.  

This information about what the cell is capable of is stored in genes encoded in what is called 

the genome. The genome is, on a basic level, both the beginning and the end of the organism 

as it would not exist without it, and once the cell has seized to exist new copies of the 

information will have been transferred to new generations of the cell. Even though the 

information regarding the structure and function of the cell is stored in its genome, what the 

cell does, and how the information is ultimately expressed, is most accurately gleaned through 

study of its biomolecular machinery. In the end, the activity and regulation of this 

biomolecular machinery is dominated by what we call proteins. 

What this means is that as biomolecular changes happen in a cell, it will be possible to detect 

it as changes in the protein content of the cell. As cells and tissues grow, age, or become 

afflicted by disease, the changes in protein composition and concentration will be an indicator 

of what is happening inside the organism. This window into life and death makes the study of 

protein content of cells, tissues, or bodily fluids very interesting to anyone who strives to 

understand more about the biology of life. 

If the goal is to measure the general protein content of a biological sample, a classical assay 

such as a Bradford assay, SDS-gel assay, or enzyme-linked immunosorbent assay will probably 

be able to deliver what is needed. But if the goal is to measure samples and proteins on a large 

scale, and enter proteomics, the use of affinity proteomics in the form of protein microarrays 

is a powerful choice. These protein microarrays, and their construction and use, will be the 

subject of this thesis. 
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From DNA to Proteomes 

DNA, or “Deoxyribose Nucleic Acid”, constitutes the information storage of cells, and was first 

discovered as an unknown substance in the nuclei of cells by Friedrich Miescher in 1869. The 

following work on the characterisation of this substance found it to be composed of four basic 

components, adenine, thymine, cytosine and guanine, and that the common structure and 

role of DNA is a double-stranded polymer1 that stores the hereditary information in cells2. 

These components are called ‘nucleotide bases’ and are arranged in stretches that contains 

sub-sequences called ‘genes’, and each gene can code for one or several functional products 

made out of ‘proteins’. In the sequences between these protein-encoding genes resides 

regulatory elements that controls the expression genes and other non-protein functional 

products3. The genetic information is expressed by transcription into RNA (RiboNucleic Acid), 

where thymine is exchanged for uracil. RNA can fulfil several roles in a cell, one being the 

transfer of information on protein structure from DNA into protein. Different prefixes or 

suffixes are used depending on which role the transcribed RNA fulfils, and mRNA (messenger 

RNA) serves the role of being the messenger between information stored in DNA and 

expression of protein4. Proteins on the other hand uses twenty different molecules, all 

belonging to a class of molecules called amino acids. This increase in variation increases the 

number of possible combinations and offers much larger variability in the structure of proteins 

then is possible with DNA and RNA.  

 ‘The central dogma’ describes the transfer of information stored in DNA through transcription 

to mRNA and translation into proteins. It was first postulated by Francis Crick in 1958 and is a 

negative statement saying that “once (sequential) information has passed into protein it 

cannot get out again”, or in a more simplified way, that transfer of information from protein 

back to DNA does not exist. DNA and RNA can both be replicated and in some cases 

information stored in RNA can flow backwards to DNA, but in no cases can information stored 

in proteins flow back to either RNA or DNA5. However, the transcription of DNA is in many 

ways regulated by proteins and so the transcription, translation, and regulation finally 

becomes a circle. This circle is an important part of what we call ‘life’ and the study of this 

circle is incorporated into the research field called ‘life-science’, of which protein microarrays 

is a part.  
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Proteins 

Proteins were recognized as a special class of multicomponent molecules as early as mid-

eighteen century. However, a more accurate description did not appear until 1838, when a 

Dutch chemist named Gerardus Johannes Mulder could show that this specific class of 

molecules was mainly constructed by six basic elements: carbon, hydrogen, amine, oxygen, 

phosphorus, and sulphur. The term ‘protein’ originates from the Greek word ‘proteios’ which 

means ‘primary’, and was coined not long after by his associate Jöns Jacob Berzelius as a 

reference to it being of foremost importance for the living body. 

Proteins comprise 20 amino acids and each amino acid consists of a carbon scaffold with 

amine and carboxyl functional groups, and a side chain specific for each type of amino acid. 

Stringed together as chains these amino acids form the primary protein structure. The amino 

acids in these chains interact with each other through hydrogen bonds within the chain, 

folding the protein into secondary structures such as helixes and sheets. In the end the total 

amount of interactions comprising of hydrophobic interactions, salt bridges, hydrogen bonds, 

and disulphide bonds within the amino acid chain will make the chain, and its secondary 

structures, fold into a tertiary structure that gives the protein its overall shape. The folded 

proteins can then form protein complexes by assembling into multimeric quaternary 

structures. Proteins can also be modified by posttranslational modifications, such as altering 

the length of the protein chain, adding functional groups or otherwise changing the structure 

of the protein. The finished proteins then interact with each other both within and between 

cells. These protein-protein interactions then provide physical structure for the cells, performs 

enzymatic reactions, and relays signals within and between cells. 
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Proteome 

The proteome is the entire set of proteins expressed by a cell or organism at a specific time 

and place. The origin of the word is a portmanteau of protein and genome, where genome has 

its origin in the German word ‘genom’ which in turn originates from the Greek word ‘gene’, 

meaning ’creation’ or ‘birth’. The word ‘proteome’ has been derived as such on the basis of 

the proteins being expressed by the genome in the organism6, and the human genome 

comprise approximately 20.000 genes that are annotated to encode for proteins.7 Most cells 

are believed to express a large fraction of the protein-coding genes8 and significant correlation 

between levels of transcription and expression have been observed.9 However, what 

differentiates most organs and tissues in the body is that their cells differ from each other on 

their levels of expression and post-transcriptional modifications of proteins. These differences 

of expression levels and modifications is what gives otherwise similar cells different 

phenotype and function, and this means that the proteome differs depending on the local 

milieu. Accordingly, there can exist a multitude of proteomes in the same organism, even 

though every cell in the organism has the same genome. This property of protein expression 

and modification makes the study of proteomes of great interest in the field of life-sciences.  

The Complexity of Proteomes 

Many interesting applications of protein research involve measuring protein levels in complex 

biofluids such as blood or tissue lysates. Samples derived from blood, i.e. serum and plasma, 

are of high interest to life science researchers due to the fact that it is readily available for 

sampling and comes into direct contact with almost all of the body. Any changes that occur 

anywhere in the body should then be detectable in the circulating blood as a change in the 

blood-proteome.  These changes can be difficult to detect since proteins that have leaked out 

of cells, due to disease or other damage, might be present in only a small fraction in the blood. 

Finding and quantifying these interesting, but low abundant proteins in complex biological 

samples can be a challenging task, since the protein concentration might range over ten orders 

of magnitude.10  

This complexity and large variation in abundance of proteins can cause interesting proteins to 

become masked from detection by the noise generated by high-abundant protein species. 



  Affinity Reagents 

 
 

5 
 

One way of combating this complication of a complex proteome is to deplete complex samples 

of the most prevalent proteins, or perform separation or fractionation of the constituent 

proteins. This lowers the complexity and hopefully enables analysis of the low abundant 

proteins species. Although this might seem like a suitable solution for single samples, it can 

become labour intensive and impractical when sample collections in hundreds. An even more 

problematic outcome that has to be considered is that it could introduce bias in the final 

representation of the protein content, as has been shown for depletion.11 Extensive sample 

preparation should therefore preferably be avoided if possible. 

Affinity Reagents 

Affinity reagents are compounds that bind specific substances and that are used to detect or 

affect their specific targets in biochemical contexts. They can be derived from various sources 

and comprise several different classes of molecules. The most commonly type of affinity 

reagents are antibodies, but antibody-derived affinity reagents such as single-chain variable 

fragments and Fab-fragments have also been developed and are of growing use. Other types 

of affinity reagents can be based on other classes of proteins and peptides, or even 

oligonucleotides. The type of backbone used for a reagent can greatly affect its chemical and 

biological properties and it should thus be possible to design and produce reagents that fits 

specific purposes. Even though a multitude of affinity reagents are available truly well-

validated affinity reagents can be hard to come by12.  

An ‘antigen’ is a substance that is capable of binding to antibodies produced by the immune 

system in antibody-producing organisms. The word itself is an abbreviation of “antibody 

generator” as some antigens can provoke an immune response that causes production of 

antibodies. Although the origin of antigens are related to antibody production by a immune 

system, the word is today used as a general catch-all for substances that are used as targets 

for generating affinity reagents, regardless of whether those reagents are antibodies. 

The production of antigens is often performed in cell cultures and often involves expressing 

the protein as a fusion with another protein to aid in purification and recovery.13 This is not 

always successful as the protein of interest may be insoluble or toxic to the host, causing 

incomplete expression. To simplify the expression step, protein fragments is sometimes 
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chosen to represent the full-length protein instead. However, properly folded full-length 

proteins have been shown to result in a higher degree of conformation-specific reagents, 14 

which can be desirable if the target protein retains its native conformation during the assay. 

Antibodies 

The concept of antibodies dates back to the beginning of humoral theory of immunity in 1890, 

and still many think primarily of antibodies when they think of the concept of affinity reagents. 

Antibodies are a class of protein commonly called immunoglobulins (Ig for short), and are part 

of the immune system in all jawed vertebrates15.  

Antibodies are produced in B-cells and are roughly Y-shaped molecules that are comprised of 

two functional parts. One part on each ‘arm’ that recognises and binds to antigens, and a 

second part that is responsible for binding to effector molecules and receptors present on 

other cells in the immune system. These two parts of the antibody are generally referred to 

as the ‘Fab-region’ and the ‘Fc-region’.  

 

Figure 1: An antibody and its regions. “VH” and “VL” are variable regions of the heavy and light chains. These, here shown as 
blue modules, will together with the constant region of the light chain (“CL”, light grey module) and the first constant region 
of the heavy chain (“CH1”, top dark grey module) build-up the antigen binding part of the antibody, or the “Fab-region”. The 
second and third constant chains of the heavy region, the four lower dark grey regions, will form the “Fc-region”, which 
activates biological functions. These two regions, the recognition and the activation regions, are connected through the hinge 
region, here shown in brown. Variations in the hinge region and the Fc-region generates different antibody subtypes. 
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Both the Fab-region and the Fc-region are comprised of products from multiple gene 

segments and some of these gene segments are highly variable on the gene level. As the B-

cells matures from precursor cells the variable regions will rearrange to produce new versions 

of these variable gene segments. The protein products of these variable gene segments are at 

expression combined with the protein products of constant gene segments to form the 

finished antibodies. These variable regions form the epitope binding parts on the Fab-region 

of the antibody and the genetic rearrangement results in the generation of B-cells that 

produce antibodies that recognizes different antigens16.  

The variable regions of the antibody thus ensures that the antibodies can recognise the wide 

variety of possible antigens that is needed to be detected for effective immunity. Antibodies 

commonly do not recognize the whole antigen but only a small part of it, a so called epitope. 

These epitopes can be linear stretches of the antigen, or conformational structural epitopes 

consisting of different parts of the antigen that are close to each other in the three-

dimensional structure of the antigen. This flexibility in epitope recognition further increases 

the recognition possibilities of antibodies, and while the variable Fab-regions rearranges 

during maturation to recognize different antigens the Fc-regions remains constant allowing 

for the effector functions to be retained. However, by removal of parts of the constant gene 

segments during cell division different versions of the Fc-regions can be produced by different 

B-cell clones while retaining the same Fc-region. This gives the immune system a certain 

degree of modularity in the combination between antigen recognition and effector function, 

and the combination of different effector functions to the same antigen recognition results in 

different antibody ‘isotypes’.  

Antibody Isotypes 

Different effector functions for antibodies with the same epitope recognition is achieved by 

combining the Fab-region with a few different Fc-regions that carry different effector 

functions. These combinations are referred to as isotypes, of which there are five main classes, 

IgM, IgG, IgE, IgA, and IgD, and all of these fulfil different functions in the immune system17.  

IgM can be found in all vertebrate species, and as such is the evolutionary oldest of the five 

main classes of antibodies. It is the first antibody isotype to be produced during immune 
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response, and it can be found as a dimer on the outside of B–cells, or secreted as a pentamer 

into the circulatory system. In its membrane-bound form it regulates B-cell response and 

survival as a B-cell receptor while secreted IgM can be found as both natural IgM and immune 

IgM. Natural IgM is constantly produced, and is mainly responsible for triggering clearance of 

apoptotic cells. Immune IgM is produced as a response to pathogen exposure and can, upon 

recognition of a foreign invader, activate a part of the immune system called the complement 

system to kill the invader. The antigens for secreted IgM are often lipids or polysaccharides 

and often show broad specificity with low affinity, but due to their pentameric structure, high 

valency18, 19. 

IgG is the most abundant immunoglobulin in the blood circulatory system, and appears after 

multiple antigen challenges have led to maturation of the antibody response. It is secreted as 

a monomer and can be divided into four subclasses due to small variations in the Fc-region. 

These subclasses are called IgG1, IgG2, IgG3, and IgG4, and all differ in the flexibility of their 

hinge region, thus giving them different effector functions. IgG induces activation of the 

complement system, and activates phagocytes that ingests foreign or harmful material20.  

IgE binds to receptors on the outside of cells in the immune system, and can upon antigen 

recognition stimulate these cells to release inflammatory mediators. IgE mostly confers 

immunity towards parasites, but also plays a big role in allergic reactions21. IgA is found mostly 

in the mucosa where it functions as a first line defence in the protection from bacteria and 

virus, but can also be found secreted in blood, and similarly to IgG it can be found as two 

subclasses22, 23. IgD is mostly found on the surface of B–cells, where it is co-expressed with 

IgM, and is believed to control B-cell activation and suppression 24. 

Polyclonal Antibodies 

B-cell clones with different versions of the variable region will bind different epitopes on the 

same antigen which results in pools of antibodies with different clonality25. Collections of 

these antibodies that originate from different B-cell clones are therefore called ‘polyclonal 

antibodies’. Polyclonal antibodies are a common reagent used for affinity proteomics, and are 

usually produced by immunizing a host animal with the antigen of interest, causing the 

immune system of the host to produce antibodies against the antigen25. The strength of 

polyclonal antibodies is their ability to recognize many different epitopes of the same antigen, 
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both linear and structural26. This effectively means that multiple antibodies can bind to the 

same antigen which increases the probability of detecting the antigen. This has been shown 

to lower the limit of detection and to make them less sensitive to masking of epitopes, thus 

making them useful in more applications.25, 27 

As each host produces their own pool of polyclonal antibody batch to batch variation is 

introduced, since the pool of antibodies extracted from one host animal is not exactly the 

same as the pool extracted from another host animal. This means that the renewability of 

polyclonal antibodies is limited and they are therefore usually used in vitro and not in vivo due 

to the difficulties in determining the properties of changing pools of antibodies with different 

clonalities. 

Monoclonal Antibodies 

Monoclonal antibodies originate from the same B-cell clone, and consequently bind the same 

epitope of the same antigen. They are produced in hybridoma cells, a fused hybrid of spleen 

cells from a host animal immunized with the antigen of interest, and myeloma cells 28, 29. The 

result of the fusion is an immortal cell line that produces identical antibodies, and as long as 

the cell line is kept alive there is a constantly renewable source for antibodies with the same 

singular clonality. Monoclonal antibodies are labour-intensive and expensive to develop but, 

once established, can be renewed indefinitely. The monoclonality makes it easier to 

determine their epitope binding properties, as only one epitope has to be characterised. 

However, since they are dependent on the accessibility of one single epitope they may also 

have limited functionality and not work in certain applications if that specific epitope becomes 

masked or otherwise inaccessible. 

Antibody Derivatives 

The modularity of antibodies provides the basis of affinity binders derived from chosen 

segments of full-sized antibodies. Instead of producing whole antibodies, fragments of 

antibodies, can be produced and utilised as affinity reagents. The two most common variants 

are ‘fragment antigen binding’ (Fab) fragment and the ‘single-chain variable’ (ScFv) fragment. 

The Fab fragments consists of the Fab-region of the antibody without the Fc-region, while ScFv 

is only the variable region of antibodies. These smaller parts of full size antibodies can be 
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recombinantly produced in large bacterial or phage libraries through random recombination 

of the genes, which makes them cheaper to produce than monoclonal antibodies. Their small 

size potentially allow them to penetrate deeper into tissue, and their recombinant production 

enables improved affinity and possibility to fuse them to other molecules30, 31.  

Other Affinity Reagents 

The quest for designed affinity binders does not stop with the antibody derived fragments and 

there are several affinity molecules based around other protein moieties or DNA/RNA 

molecules. These are often referred to as scaffold binders or small-molecule binders. Scaffold 

binders are based on stable molecular scaffolds that has an integrated affinity function that 

can be varied through combinatorial engineering to produce different binding characteristics. 

32 An example of a scaffold binder is the Affibody molecule, which is based on protein A that 

comprises a three helix bundle where the amino acids in two of the helixes can be changed by 

random mutation in combinatorial libraries or by directed engineering to produce different 

binding characteristics.33 Other examples of scaffold-based or small-molecule binders are 

Anticalins (derived from lipocalins)34, Adnectins (derived from fibronectins)35, DARPins 

(ankyrin repeat proteins)36 and Aptamers (oligonucleotides)37. These scaffolds and small 

molecules can be engineered to be stable under environmental conditions that would not be 

suitable for full-length antibodies and similarly to antibody fragments they can also be 

selected to high affinity and combined with other molecules.   
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Proteomics 

The large-scale study of a field in biology is often referred to as –omics, such as proteomics for 

proteome-wide studies of the entire dynamic library of proteins, and all their modifications, 

localization, interactions and expression levels. The proteome-wide mapping of the entire set 

of proteins in all their variants, which may number in the hundreds of thousands with all 

possible combinations, represents a unique challenge38. 

The fields of genomics and transcriptomics have been experiencing a rapid growth in 

discoveries and research after mass-producing copies of a DNA strands became achievable 

through PCR. Consequently, the ease of access to an almost unlimited number of copies laid 

the foundation for the enormous success that the field of genomics has achieved so far. 

However, for proteomics there is not any equivalent to PCR, and the production of proteins 

often becomes a bottleneck due to this. Each protein needs to be recombinantly produced or 

synthesized as short peptides and the methods available for this are often complicated and 

entail many steps in which the production or purification can fail. Common problems during 

recombinant protein production are failure in cloning of vectors, antigens are toxic to the cells, 

and incorrect folding or posttranslational modifications. This means that the production of 

proteins can be both costly and time-consuming and these limitations represent an impressive 

challenge if studies are to be performed on true proteome-wide scale. 

Affinity Proteomics 

Affinity proteomics has become an important tool for studying the expression, localization, 

functions, and interactions of proteins using large-scale and high-throughput methods. This is 

owed to the possibility that is offered by affinity reagents to analyse complex proteomes 

without the need for extensive sample workup12, 39. By employing affinity proteomics, an 

increased understanding on how cells and organisms function can be reached, and new drug 

targets or diagnostic markers for diseases can be discovered. Many different affinity-based 

proteomic methods for achieving this exist, and some classical affinity-based methods are 

ELISA and Western blot. Although originally considered low-throughput, an increased 

automation of laboratory work have led to higher throughput while using these classical 
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methods12. However, this increase in automation still do not allow for the throughput 

necessary to perform truly large-scale affinity proteomics and therefore large-scale affinity 

proteomics methods are today dominated by various microarray formats such as tissue 

microarrays40, protein microarrays41, bead arrays42 and lysate arrays43.  

One limitation of affinity proteomics is in the access to well-characterised affinity reagents, 

and this negatively effects how efficiently the information in the proteome can be mined. In 

order to address this limitation, and to enable researchers to investigate more of the 

proteome, several projects aiming to produce affinity reagents have been started14, 44-46. The 

lack of characterisation generally expresses itself as a problem through off-target interactions, 

which is when an affinity reagent interacts with more than the intended target. These off-

target interactions generally increase in numbers as the complexity of the sample increase, 

due to the increase in possible interaction partners. An affinity reagent that have been 

produced to be specific for a certain antigen might very well interact with other available 

antigens, especially if they are available in higher concentration then the intended target. The 

severity of this is easily understood if one considers a sandwich assay. A sandwich assay 

comprises a capture molecule, a target molecule, and a detection molecule, and in the ideal 

case the capture and detection molecules will not have the same off-target interactions. For 

a binding to be detected in such an assay both the capture molecule and the detection 

molecule must have found the target, and off-target interactions will thus not be detected. 

However, off-target interactions can occur between different detection molecules as well as 

between detection molecules and captured molecules if more than one pair of capture and 

detection molecules are used, as an addition to the possible off-target interactions between 

capture molecules and target molecules. Such an assay, of N targets, will have almost 4N2 

possible interactions between capture, target, and detection molecules. For a 100-plex assay 

this will then result in almost 40 000 different theoretical interaction pairs47. This complication 

can to some extent be mitigated by employing single-binder assays, where the whole sample 

is labelled, thus forgoing the need of a detection antibody. However, off-target interactions 

can still be expected, especially when using polyclonal antibodies48. These off-target 

interactions when multiplexing consequently becomes a problem that has been limiting some 

areas in the field of affinity proteomics49-51.There is therefore a great need for well-
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characterised affinity reagents that have been well validated for specificity in each assay 

format that they are intended to be used in12. 

Human Protein Atlas 

One of the largest undertakings to generate affinity reagents for proteomic research has been 

the Human Protein Atlas52 (HPA). The goal of the Human Protein Atlas has been to generate 

high-quality antibodies towards all human proteins for a systematic exploration of the human 

proteome. This is being achieved by employing high-throughput production of antibodies 

against proteins derived from the approximately 20.000 protein encoding genes in the human 

genome. These antibodies have been used to study the protein profiles of human tissues and 

cells, as well as different body fluids53, 54 and have also been applied to non-human tissues55. 

In order to achieve highly specific antibodies with preferably no off-target interactions a 

strategy of using as unique part as possible of the targets for the generation of reagents have 

been employed. This entails choosing protein fragments so that they represent a region of low 

homology with less than 60% sequence identity similarity to any other human protein. 

Transmembrane regions and signal peptides are also excluded, and no more than eight 

identical amino acids within any ten amino acid stretch as compared to any other human 

protein are allowed. The length of these fragments are on average around 80 amino acids, 

which allows for generation of antibodies towards multiple possible epitopes. By targeting a 

unique part each protein in this way it is possible to reduce the promiscuity of the antibodies 

generated towards the protein, while retaining the flexibility of polyclonal antibodies and 

ensuring that the antibodies will be applicable in to many different assays. 

In HPA, the protein fragments are fused with a His6ABP-tag containing a six histidine part and 

an albumin binding protein part.  The histidine-tag allows for purification and detection with 

tag-specific antibodies, and the albumin binding part increases the half-life of the antigen 

during immunization. To obtain the polyclonal antibodies from the sera of the immunised 

animals a two-step purification is used. First a depletion of tag-specific antibodies is performed 

using affinity columns with the tag is immobilised. This is then is followed by purification of 

the fragment-specific antibodies on a column with the protein fragment immobilised56-59. By 
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employing this dual affinity purification antibody-antigen pairs that can be utilised on a 

multitude of different proteomic platforms within the HPA is obtained. 

 

 

Figure 2: Distribution of fragment lengths. The distribution of fragment length of protein fragments produced as antigens for 
antibody generation within the Human Protein Atlas. The protein fragments have a mean length of 81, and a median length 
of 80 amino acids, and varies between 16 and 202 amino acids in length. The average weight of the protein fragments are 27 
kDa, excluding the 18 kDa His6ABP affinity tag. 

 

Currently the Human Protein Atlas contains a tissue atlas with immunohistochemical images 

and information on human genes on both protein and mRNA level for all mayor organs. It also 

comprises a cancer atlas for the most common forms of cancer, a cell line atlas with expression 

profiles for a number of human cell lines, and a subcellular atlas with immunofluorescence 

images for three cell lines52. 
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Protein Microarrays 

The first result of “microspot” in the PubMed database is from an article in Nature by Joseph 

G. Feinberg that was published in 1961, “A ‘Microspot’ Test for Antigens and Antibodies”. In 

this article a microscope cover-glass was coated with antiserum-agar, and microspots of 

antigens were deposited using capillary tubes for detection of antigen-antibody precipitates60. 

However, the birth of the first true microarray is usually dated to the work of Patrick O. Brown 

et al. that was published in 1995 where they arrayed a set of 48 cDNAs from Arabidopsis 

thaliana61. The concept of microarrays builds on the concept of the “ambient analyte 

immunoassay” as described by Roger P. Ekins in 198962, and which effect on microarrays is 

summarized in a review by Thomas O. Joos et. al63. In short, using a high concentration of 

capture reagent in a small area results in highest possible local signal density, without affecting 

the local concentration of analyte to any considerable degree. This means that the amount of 

analyte captured directly reflects the concentration of the analyte in the sample, as the 

measured signal is only dependent on the analyte concentration and the affinity constant of 

the capture reagent. One major advantage of this is that the assay becomes independent of 

sample volume, as long as there is enough analyte molecules present for the concentration to 

not be affected in any significant way by the capture consumption. However, if the 

concentration of the analyte is low while the affinity of the binder is high, equilibrium may 

take unacceptable long due to constraints in mass transport64. The typical protein microarray 

entail a first step of immobilising a protein, or a mix of proteins, on a solid phase substrate. 

This is then followed by a primary interaction step where a liquid phase that contains an 

interaction partner to one of the immobilised proteins is added. A second interaction step is 

then often employed for detecting the primary interaction reagent, before a reporting step is 

performed to quantify the signal from the reporter molecule.  
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Figure 3: Molecular complex for detection of a target protein. Molecular complex of a mixed sample attached to a solid 
phase substrate, containing a protein that is being recognised by a primary detection reagent, in this case an antibody. The 
primary detection antibody is then recognised by a secondary detection reagent that carries a reporter molecule. This is a 
basic protein microarrays setup and the generation of this complex follows the steps of arraying on the substrate, adding the 
primary reagent, adding the secondary reagent, and finally detecting the reporter molecule.  

 

Planar microarrays are manufactured by spotting small volumes of an analyte within a small 

spatial area on a substrate such as a microscope slide to form grids of what is generally 

referred to as ‘spots’ or ‘features’. These volumes are usually in the pico to nanoliter range, 

and the distance between features and their diameter are usually in the micrometre range. 

The low volumes, and the accompanying small spatial area that are needed for each feature, 

means that large numbers of analytes can be arrayed and simultaneously analysed on one 

single slide. This has predominantly been used for the analysis of gene expression by arraying 

single stranded DNA or synthesized oligonucleotides and applying samples consisting of 

labelled complementary single stranded DNA. However, the technique has also become 

common for use in protein analysis65. The final result is often a false colour image of the array 

with one or more colours representing different detection molecules, as can be seen in figure 

4. 
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Figure 4: A false-colour image of a protein microarray with 384 different proteins. Each feature in the array contains a 
unique protein identity and is visualised using detection reagents specific for a small part of the protein that is common for all 
unique protein sin the array. This results in a green signal showing the presence of proteins in each feature and aid in quality 
control and image analysis. An antibody targeting one of the proteins have been added and can be detected as a red signal in 
one of the features, in this case in the first column and third row of features.  

 

Protein Microarray Formats 

Not only protein-protein interactions can be analysed on protein microarrays. Protein 

interactions with other possible interaction entities such as small molecules, liposomes and 

carbohydrates, can also be investigated. The complexity of the analytes can vary depending 

on if they are crude biological samples or pure reagents, and the multiplexing can lie on either 

detecting many antigens in a few sample or few antigens in many samples. Protein 

microarrays can consequently be used for a large number of applications and reagents. It also 

means that the world of protein microarrays is a multidimensional world, which looks 

different depending on the dimension that it is being projected on. Due to the variation in 

possible microarray assays, variations in how to classify different protein microarrays assays 

exists. However, the two main choices are to either refer to them based on what the goal of 

the assay is or which phase that carries the analyte. The assays can either be analytical or 

functional in their nature. The goal for analytical assays is to measure the concentration or 

existence of an antigen in a sample, and to measure some biological activity for functional 

assays. Therefore, one way of classifying protein microarrays is to refer to them as either 

analytical protein microarrays or functional protein microarrays65-68. The other way of 

classifying them is by referring to which phase, the solid substrate phase or the liquid phase 

that the analyte is presented in. If the analyte is in the liquid phase of the assay it is regarded 
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as a forward phase protein microarray and conversely as a reverse phase protein microarray 

if the analyte is immobilized on the substrates solid phase69, 70.  

I will here refer to protein microarrays as being either antigen arrays, where proteins are 

arrayed either to be detected by affinity reagents targeted towards them or be investigated 

for functional properties, or capture arrays, where affinity reagents targeting analytes are 

arrayed. Alternatively I will refer to them as reverse phase arrays, which are then a more 

complex case of the antigen array. This choice of nomenclature is due to the fact that capture 

arrays are dependent on maintaining the structural integrity of the capture molecules in order 

to preserve their function, while conformational integrity is not always necessary in antigen 

arrays. Finally, the reverse phase arrays are unique in the complexity of the arrayed analytes 

and as such represents a unique set of challenges. 

Antigen Arrays 

Antigen arrays can be used for a multitude of applications and assays due to the many 

variations of assay that is possible. One early example is Michael Snyder et al. who generated 

an array containing purified recombinantly produced gene-products from more than 90 % of 

the S. cerevisiae genome, and investigated protein-protein interaction for calmodulin71. By 

doing this they became the first group to show the power of antigen arrays in screening for 

protein-protein interactions. Antigen arrays have since then been utilized for studying 

posttranslational modifications and binding interactions in a multitude of applications72. 

Antigen arrays can also be used for characterisation of antibodies by assessing their specificity, 

accuracy, precision, and detection limit as performed by Brown et al73. Similarly this can also 

be performed in a high throughput manner to validate the on-target interaction and profile 

off-target interactions of affinity reagents74. Antigen arrays have also with great success been 

applied for identification of targets for autoantibodies produced in autoimmune diseases  and 

immunodeficiency75. In this case the antigens, either known antigens for quantification of 

autoantibodies or possible novel targets, are arrayed on a solid substrate and a biofluid 

applied and analysed for its content of immunoglobulins76, 77. Similarly the immune response 

towards pathogens can be measured by arraying antigens and detecting the presence of 

antigen-specific immunoglobulins78. 
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Production of peptide arrays using photolithography allows for ultra-high-density arrays, 

which can cover the whole proteome even when overlapping peptides are used. One example 

of this is the epitope mapping performed on ultra-dense peptide arrays comprising 2.1 million 

6-mer -overlapping 12-mer peptides, which cover all of the human proteins. These arrays have 

been successfully used for mapping the contribution of each amino acid to the binding of both 

monoclonal and polyclonal antibodies, and to investigate specificity and cross-reactivity 

across the whole epitome79. 

While antigen arrays often are synonymous with protein or peptide arrays exceptions exists, 

and one such that should be mentioned are the carbohydrate arrays. The study of 

carbohydrates in cellular biology is a field of high interest to many research groups as 

carbohydrates as biomolecules can be found both inside and outside of cells and fulfil various 

biomolecular processes. However, due to the very large variety in branching and molecular 

modifications of carbohydrates in biological systems, the cellular glycome is believed to be up 

to 500.000 different structures. This large number of possible variations has made microarrays 

an important technology for rapid analysis of carbohydrate-protein interactions80. The 

production of carbohydrates for arrays are either done through chemical synthesis or through 

natural sources. If the carbohydrates are large enough non-covalent adsorption through 

electrostatic or hydrophobic interactions to a substrate is possible. However, if the 

carbohydrates are small the resulting forces might be too weak to retain the carbohydrates 

on the substrate during washing steps, and covalent attachment becomes necessary81, 82. 

Carbohydrate arrays have been extensively used to investigate the carbohydrate biology and 

its involvement in diseases, infection and cell-signalling80. 

Capture Arrays 

The variation in microarray capture assays, and the choice of technical approaches in labelling, 

amplification, substrates and detection is large83. The main difference between antigen arrays 

and capture arrays is that for capture arrays the arrayed capture molecules are generally 

similar with active sites that need to accessible. In practise that means that immobilising 

capture molecules, such as antibodies or Fab fragments, in an oriented approach with the 

binding sites exposed to the liquid phase can result in up to ten-fold higher binding capacity 

of the analyte in the samples, as compared to random immobilization84. The commonly used 
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method to achieve oriented immobilisation with antibodies is the use of an intermediate 

affinity protein, such as protein A or protein G, or to chemical modify the Fc-region84. Random 

immobilisation of antibodies have been shown to cause conformational changes and loss of 

function of the majority of the proteins85. This change in conformation could be assumed to 

affect other types of proteins as well and therefore more emphasis has to be placed on 

orientation of the arrayed proteins if the functionality of the proteins is important for the 

assay. Further improvement to the retention of functionality can be seen in hydrogel-based 

substrates, which often results in higher signal-to-noise ratios than flat 2D-surfaces86, 87, due 

to higher binding capacity and improved hydration. An even further improvement of the 

format is the bead-based assay42 that is performed in a liquid phase, thus maintaining the 

hydration of the molecules and circumventing the loss of function due to denaturation. 

While the common sandwich-based assay offers high sensitivity and specificity due to the dual 

binding needed for readout, the sandwich-format is generally less compatible with 

multiplexed array-assays, due to previously mentioned problem of off-target interactions 

from detection reagents. The alternatives to using a sandwich assay is to label the whole 

sample, and compare samples through included controls or a common reference, or do direct 

comparison between samples. The reference design can be set up through a pool of equal 

aliquots of all samples to be tested that is labelled using a different tag than the samples. This 

pool can then be used as an internal normalization standard, similar to the commonly used 

reference mix used for DNA microarray experiments11, 73, 86. This might seem as an attractive 

approach for comparing different samples against each other as the relative abundance of 

targets should be comparable through the reference pool. However, the sensitivity of such an 

assay can be seriously hampered by competition for capture molecule binding sites that can 

occur between sample and reference. This has led to widespread preference for the single-

colour approach where each sample is labelled with the same label, and compared directly or 

through controls88. Although somewhat complex to set up, the capture arrays have become 

an indispensable tool for biomarker discovery and have been applied in numerous disease 

biomarker discovery platforms89. 



  Protein Microarrays 

 
 

21 
 

Reverse Phase Arrays 

In a reverse phase assay the analytes are immobilized on the substrate and capture reagents 

are applied in the solution phase. This approach allows for simultaneous analysis of up to tens 

of thousands of analytes or samples but is sensitive to off-target interactions from detection 

reagents. The reverse phase format has been extensively utilized for analysis of complex 

samples such as tissue lysates90 and cell lines43, as well as for body fluids such as serum91 and 

cerebral spinal fluid92. The goal of the analysis have often been the study of biomolecular 

network pathways, but also for large-scale screening. Due to the complex nature of the 

analytes or samples, the standard for reverse phase arrays is to array each sample in triplicates 

with at least two different dilutions93. This increases the likelyhood that at least one dilution 

will fall within the linear range of the detection method, even though the samples might have 

variable concentration of the target molecule. However, this also limits the actual number of 

samples that can be processed in one array, pushing it from thousands to hundreds, as 

replicates and controls occupies spatial space. 

Arraying and detecting targets in complex mixtures presents more challenges than samples 

that contain only one or a few different proteins. The starting concentration of the samples 

might be high and low-abundant target proteins might become masked by protein species of 

higher abundance. The small volumes that are arrayed can result in few target molecules being 

present in the feature if the starting concentration in the sample of the target is low. For the 

lower abundant proteins the statistical chance of having the protein present in the spotted 

volume consequently approaches zero even if no sample dilution is performed during 

preparation. Low-abundant proteins might as a result be represented by only a few molecules 

in each feature together with the complex mix of proteins of higher abundance. This results 

in it becoming difficult to detect them among the unspecific background from off-target 

interactions of the detection molecules, or by autofluorescence of the substrate. Another 

challenge is that most substrates do not have the loading capacity to effectively retain all 

proteins in a complex sample such as serum or plasma. The excess material can result in bleed-

off of unbound material from the feature, which can cause an elevated background in the 

vicinity of the feature94. Consequently, reverse phase assays often use high-capacity 

substrates such as nitrocellulose95. The off-target interactions of detection molecules have to 
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be addressed by choosing the detection molecules that have gone through extensive 

validation as to their specificity and target-recognition, and autofluorescence can be 

minimised by choosing a detection wavelength that does not overlap with the 

autofluorescence of the substrate. The use of near-infrared scanners have therefore become 

of prominent use in reverse phase array assays, owing to the fact the excitation and detection 

wavelengths lies beyond that of autofluorescence of the popular nitrocellulose substrates96. 

Technical Considerations for Protein Microarrays 

Microarrays present a unique set of challenges due to the very minute volumes that are being 

deposited and the small spatial scale of the features. Variables such as humidity and 

temperature become important aspects when arraying such small amounts of liquid, and must 

be taken into consideration to ensure that features are properly arrayed. The concentration 

of arrayed proteins, buffer composition, and drying of the array greatly affects the 

morphology and linear range of individual features. The better the alignment and morphology 

of features can be controlled, the tighter they can be packed. A tighter packing increases the 

achievable array density, which in turn increases the number of tests that can be carried out 

simultaneously. Visualisation and quantification of the amount of protein immobilised in each 

feature is often of great interest, both as a quality control and for normalisation purposes. 

This can be achieved either by using a detection reagent that detects protein in general on 

one array, and extrapolating the obtained results to other arrays generated during the same 

production run. Another method is to produce the proteins as fusions to a tag that is 

detectable using a tag-specific reagent. The tag can then be used to visualise or quantify the 

total target content for each individual feature simultaneously as the analyte-specific test 

through a dual-color approach. However, since a common tag might cause cross-reactivity 

consideration must be made as to possible unwanted interactions towards the tag that might 

result in increased background. 

Instruments utilising different technologies for production of microarrays have been available 

on the market or presented in research articles. However, the principles used by the most 

common of these instruments can be roughly divided into the two categories of contact 

printing and non-contact printing. Contact printing involves making physical contact between 

the substrate and pins so that material is transferred from the pin to the substrate. Non-
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contact printing includes a diverse group of systems where some utilises inkjet technology to 

eject droplets through the air onto the substrate and other systems use photochemistry to 

build up peptides on substrate surfaces. The liquid volumes that are deposited are often in 

the nanoliter range and should produce features that are morphological homogenous and 

simultaneously spatially discrete and high-density. A mentioned previously, this presents a 

considerable challenge, owing to the small volumes and the great impact of even minute 

changes in the ambient environment or sample composition. 

Contact Printing 

The most common way of producing arrays on a flat substrate, such as a microscope slide, is 

by contact printing with pin-printing instruments. The reason for their widespread use is the 

initial adoption for DNA microarray-production, and that the experience gained from DNA 

microarrays were later initially applied to protein printing97. 

Feature uniformity in pin-printing is affected by the viscosity of the solution, the substrate 

surface properties such as planarity, and pin properties such as pin velocity and pin design. 

Viscosity is in turn affected by temperature, where higher temperature results in lower 

viscosity, which affects the volume deposited on the substrate. The change in volume 

ultimately impacts size and morphology of the arrayed features. Another factor that impacts 

feature size is the hydrophobicity of the substrate and solution, as deposited drops tend to 

increase or decrease their contact with the substrate depending on the hydrophobicity of the 

phases. Changing to a more hydrophobic buffer for the solution can subsequently result in a 

larger feature area on a hydrophobic substrate, and a more hydrophilic substrate can 

conversely lead to an increase in feature size97. 

The most common pins used in pin-printing are solid pins, split pins, and quill pins. The solid 

pins are loaded with solution by dipping the pin in the solution and allowing the capillary force 

to retain a small volume at the tip of the pin. Solid pins have a low loading capacity and are 

only useful for small scale arraying as a single loading can only array a few spots before being 

depleted. The strength of the solid pins is that they are not very sensitive to the viscosity of 

the solution, and consequently can be used for high viscosity solutions such as protein 

samples. They are also not especially sensitive to dust and debris and can be cleaned fairy 



Technical Considerations for Protein Microarrays

 

24 
 

easily98.  A modification of the solid pin is the “pin and ring” system that uses a large capillary 

that is loaded with sample and a solid pin that passes through the meniscus of the capillary 

before making contact with the substrate, thus increasing the capacity  and requiring less 

reloading of sample97. 

Split pins are a further development of the solid pins and have a microchannel in the tip that 

the solution is loaded into through capillary forces. They can accordingly produce more 

features before reloading of the solution becomes necessary due to the larger volume. A 

variation of the split pin is the quill pin which, together with the microchannel, contain a small 

reservoir for further increase in loading capacity. Although these split and quill pins allow for 

higher throughput they are also sensitive to dust and clogging, as well as dependent on low-

viscosity solutions for successful deposition on the substrate. They are also dependent on high 

humidity being maintained during printing to prevent drying of the samples in the pin97, 99. 

When using split pins the feature size may also vary during arraying due to the changing 

volume in the tip. The initial features gets a large volume deposited due to draining of the 

excess solution on the outside of the pins, and become large or merge. The last features 

produced becomes small or might not be arrayed at all due to completely depleted pins100, 101. 

To prevent this, pre-printing on slides to drain the excess volume before continuing arraying 

is generally necessary with split and quill pins. Due to the variation in feature size care should 

be taken to keep track of the order of which the slides have been printed, to ensure that arrays 

that are being used for a single project are as similar as possible. These pins are usually made 

of metals such as stainless steel, tungsten, or titanium and the solid pins are relatively 

insensitive to damage. However, split pins and quill pins can easily be deformed if the pins 

touches the substrate with too much force97. A further limitation of pins is that proteins tend 

to adsorb to metal surfaces102, making metal pins difficult to clean. Taking it together, these 

limitations in the pin-based technology makes contact printing less desirable for producing 

protein microarrays. However, pin-based printers are still in extensive use for protein 

microarray production due to their legacy from the DNA microarray era. 
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Non-contact Printing 

Non-contact printing involves no physical contact between the arraying tool and the substrate 

surface. Instead, droplets of the solution are contained in a reservoir and ejected through a 

nozzle at some distance above the surface. This can be achieved in different ways103, but the 

most common is by piezo actuation. In arraying-instruments that utilizes piezo actuation a 

deformation of a small reservoir holding the solution causes a pressure change in the 

reservoir, which in turn results in the ejection of a controlled amount of solution from a 

nozzle104. One advantage of non-contact printing is that it allows for samples of higher 

viscosity due to the use of nozzles. This makes it easier to array protein samples, which can be 

of high-viscosity and difficult to array using pin-based instruments. Another advantage is the 

lack physical contact with the surface of the substrate, as this removes the need to make the 

printhead travel in the z-axis. Consequently drops can be dispensed “on the fly”, greatly 

speeding up the deposition of droplets. In addition, this eliminates the risk of damaging the 

substrate due to physical impact, which is something that otherwise can happen to sensitive 

surfaced such as hydrogels and nitrocellulose. The comparably large reservoirs used in non-

contact printing also means that more droplets can be deposited before reloading. This 

improves feature to feature reproducibility, and ensures that the first and last feature in a 

print run will have the same size.  

Although non-contact print nozzles commonly are manufactured from other materials then 

metals, adsorption of proteins can still occur. Additionally, deposition of salt from buffers and 

samples can affect the nozzles ability to dispense droplets. This might result in features that 

are missing or out of alignment, carry-over of sample between loadings, and small satellite 

spots105.  

A third way of producing protein arrays is by synthesizing the proteins or peptides directly on 

the substrate such as by photolithic synthesis. The principle of the technique is to combine a 

UV-light with photomasks or digital micromirrors that can be controlled to selectively activate 

small areas of the array to deprotect amino acids with photo-sensitive protective groups. 

These deprotected amino acids then become available for reaction with new amino acids 

carrying photo-sensitive groups, and thus addition of amino acids to specific parts of the array 

can be achieved in an iterative manner106. This can generate ultra-dense arrays of peptides 
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with over 2 million unique peptides on a 2 cm2 area. Such an array would be enough to 

represent all human genome-derived proteins as 18-mer polypeptides with as much as 12-

mer overlap79, 107. 

In Situ Synthesis 

Recombinant expression and purification of proteins can be expensive, time-consuming, and 

fraught with hurdles such as poor expression, protein degradation and aggregation67, 108. An 

alternative way is to express proteins directly on the substrate instead of performing 

conventional expression and purifiaction109. This is usually referred to as in situ synthesis, or 

cell-free protein array production. The two main methods for this are the “protein in situ 

array”108, 110 and the “nucleic acid programmable protein array”110, 111, or in short; the PISA 

and the NAPPA arrays. By generating the proteins of interest directly on the substrate, the 

problem with solubility and functionality can to a large extent be alleviated. 

For the PISA technology this is achieved by using the DNA sequence for the protein of interest, 

together with a N- or C-terminal hexahistidine tag that allow for binding to an immobilisation 

agent that is precoated on the substrate. These are then arrayed together with a cell-free 

expression system that contains all the essential elements for transcription and translation. 

The results is a coupled transcription and translation of the DNA, which is followed by 

immediate capture of the protein on the surface of the substrate. After removal of the 

expression system through washing only the captured, freshly synthesized proteins, should be 

bound to the substrate surface. In NAPPA the DNA encodes the proteins as GST-tag fusions 

and is arrayed together with a crosslinker, which immobilises the DNA on the substrate 

surface, and an anti-GST capture antibody. This produces an array with colocalised DNA and 

capture antibody, which can be stored and expressed on demand by covering the surface with 

a cell-free expression system. After removal of the expression system an array of proteins 

colocalised with their DNA and capture antibody remains112. 
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Substrates 

Microarrays results in a very visual representation of the acquired data, through false-colour 

images of the slides and its features. These images can be difficult to interpret if the processes 

involved in the immobilization of proteins and formation of features is not fully understood 

by the analyst.  One of the most typical problems occur due to nonuniformity of features in 

the array, where the nonuniformity usually takes on the shape of rings. That thin liquid films 

takes on ring-like appearances is well known, and the everyday example would be the coffee 

ring effect that occur when particle-laden liquid is spilled and allowed to evaporate. The 

general background to this phenomena is known to be the transport of material from the 

inside of the droplet to the interface between gas and liquid, and the further transport 

through capillary flow from the centre of the droplet to the pinned edges of the droplet. 

Protein molecules tend to accumulate at the gas/liquid interface due to the fact that the 

different hydrophobic and hydrophilic parts will have different preferences for being in either 

the gas-phase or the liquid-phase113. This results in accumulation of protein at the interface, 

which depletes the concentration within the droplet. The depletion then results in a lowering 

of the concentration of proteins available for binding at the substrate surface. Further 

diffusion of proteins along the interface to the boundary of the pinned edges of the droplet 

depletes the centre of the gas/liquid interface, lowering the concentration at the interface 

and resulting in further transport from the centre of the droplet114. In this way the 

concentration available for binding to the substrate is continuously lowered, decreasing the 

immobilisation efficiency115. This effect is evident regardless of whether the droplet is allowed 

to dry or not, but delaying the drying will give the proteins more time to immobilise. 

Consequently the use of liquids with low vapour-pressure, such as glycerol, can improve the 

uniformity of the features116. Another solution is to outcompete the accumulation of proteins 

at the gas/liquid interface by adding a surfactant117. This will displace the proteins from the 

interface and increase the concentration at the substrate surface, which improves 

immobilisation efficiency. 

Microarray technology for proteins were originally adapted from DNA microarrays, but 

proteins come with a completely different set of challenges owing to a greater variation in 

their chemical properties. Due to the large variation in size, structure, charge etc. proteins will 
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vary in performance on different substrates. This affects the usefulness of a substrate for 

different assays and care must be taken when choosing the substrate. If the proteins are 

immobilised in such a way that they change their properties through conformational changes 

or that their active sites becomes inaccessible, then those proteins might not perform well if 

the assay depends on their conformation. However, if the assay is independent of the 

structure and orientation of the protein the immobilisation may have less importance for the 

final result. 

Many proteins are folded in their native state so that they display a hydrophilic exterior while 

the hydrophobic parts are folded toward the centre of the proteins. If the proteins then are 

immobilised on a hydrophobic substrate the result might be denaturation or even refolding of 

the proteins. This could even cause the hydrophobic parts of a protein to be displayed on the 

outside of the protein, while the hydrophilic parts folds inwards, inactivating the protein118. 

One example of an assay that is greatly improved by retaining the conformation and correctly 

orient the proteins is the antibody array, as previously mentioned. For antibody arrays the 

orientation of the antibody molecules can be arranged by using protein A, protein G or the 

recombinant protein A/G. These proteins bind to the Fc-region of antibodies and orient the 

Fab-regions away from the substrate surface and owing to the increased accessibility of the 

Fab-regions the amount of functional antibodies will be higher119. 

Substrates can be divided into many different groups depending on their properties but the 

two most easily understood is the division into different geometries and the division into 

different coupling chemistries. The immobilisation chemistries can in general be divided in to 

physical adsorption, affinity binding and covalent binding. When adsorption is used the 

proteins attach to the substrate using nonspecific interactions such as hydrophobic 

interactions, Van der Waals forces or electrostatic interactions. This immobilisation results in 

random orientation of the immobilised proteins and can result in denaturing or other 

structural changes, ultimately leading to loss of protein function. That means that those 

immobilisation strategies that relies on adsorption might be less optimal for assays that 

require functional proteins, such as the previously mentioned capture assays or functional 

assays. Another disadvantage of physical adsorption is that adsorbed proteins may desorb 

during assays, leading to loss of detection. 
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An example of oriented affinity immobilising has already been given above in conjunction with 

the discussion on orientation of antibodies and some other examples are also worth 

mentioning. For instance, site specific biotinylation of proteins can be used to orient them on 

a streptavidin-coated surface, and histidine–tagged recombinant proteins can be oriented by 

arraying them on a substrate coated with metal complexes that bind to the histidine–tag. The 

third mayor strategy behind the immobilisation of proteins in microarrays are the covalent 

binding to reactive groups, such as aldehyde, epoxy, amino, or NHS ester (N-

hydroxysuccinimide). These reactive groups bind through reaction with primary amine, thiol 

and hydroxyl groups. The covalent attachment prevents the proteins from being removed 

during washing but might cause them to denature, and subsequently care should be taken if 

the arrays will be used for functional assays120. 

As for geometries, the substrates can either have a two dimensional coating of a monolayer 

of reactive groups on a flat support, or a three-dimensional structure such as membranes or 

hydrogels. A substrate with a monolayer of reactive groups is comparatively easy to produce 

and due to the low intrinsic autofluorescence of the substrate a low background can be 

achieved. However, due to the limited geometry available for binding the amount of proteins 

that can be immobilised is limited. If the amount of protein available in a droplet exceeds the 

binding capacity of the surface the rest of the proteins will only be loosely associated with the 

immobilised layer. This can cause increase in local background and/or abnormalities as tailing 

of spots when the excess material is being spread out during blocking and washing stages. If a 

higher amount of protein is to be arrayed a substrate that can be loaded with more protein is 

of better use. This could be for instance a hydrogel-coated substrate, which comprises of 

polymers that form a coating a few nm thick when dry but can swell to up to a few hundred 

nm when hydrated121, 122. The hydrogel can then provide an environment that keeps the 

proteins hydrated and stabilised while the attachment of proteins can be tailored using 

reactive groups 123. Another substrate-coating that can accommodate even larger amounts of 

proteins is nitrocellulose. Nitrocellulose covered substrates provide a high loading-capacity in 

a microporous structure that can be around 10 µm thick. This nitrocellulose layer can 

accommodate a large amount of protein and as such is suitable if the amount of material to 

be immobilised in each feature is high. However, this increase in loading capacity also comes 
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with a higher degree of autofluorescence, especially in the wavelengths commonly used for 

fluorescent labels, and may require specialised detection instruments. 

Detection Principles 

In order to detect target proteins on a microarray an affinity molecule directed against the 

target protein is applied to the array, a so called ’primary affinity reagent’. This affinity 

molecule will then find and bind to its target. These affinity molecules can be labelled in such 

way that they can be detected directly after binding. However, usually a labelled secondary 

affinity reagent that is directed against the primary affinity reagent is applied after the binding 

of the primary reagent, and this is then followed by detection of the attached label. This way 

of detecting the interaction between an affinity reagent and its antigen is called label-based 

detection. The reason for the use of two affinity reagents is that it makes it possible to detect 

different primary affinity reagents without the need to do multiple labelling experiments, and 

the possibility to buy off-the-shelf commercially available secondary detection reagents. 

Another advantage is that using a secondary affinity reagent means that the label will not 

interfere with the binding site of the primary affinity reagent, if the binding site of the 

secondary reagent is known. It is also possible to do label-free detection of the affinity 

reagents where some innate quantity of the reagent itself is measured. This makes it possible 

to avoid many of the difficulties that are part of labelling molecules and detecting different 

kinds of labels. However, label-free assays comes with their own sets of limitations and 

problems124. 

Label-based Assays 

Label-based arrays can be based on radioactive molecules, fluorescent molecules, 

nanoparticles, quantum dots or biological barcodes. However, the most commonly used 

method is to use a fluorescently labelled secondary affinity reagent to detect the primary 

affinity reagent. One example is to use a primary antibody raised in one animal and a labelled 

secondary antibody, directed against the Fc-fragment of antibodies from the same animal as 

the primary antibody, raised in a another animal. This then ensures that no interference with 

the variable Fab-region of the primary antibodies occurs. 
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Dual colours enable detection of two targets at the same time. As previously mentioned a tag 

attached to a recombinant protein can be detected in one colour-channel, and serve as a 

confirmation of the presence of the protein on the array, while the detection of specific 

proteins is performed using the other colour-channel. Using more complex detection methods 

more colours can be detected on the same array, and subsequently a higher multiplexing can 

be achieved. Unfortunately the different fluorescent molecules tend to have emission spectra 

that overlap to some extent. What this means that the higher the level of multiplexing the 

more difficult it might become to find molecules that have good separation between their 

respective emission spectra. Consequently, an increase in background can be expected as 

different molecules adds to the measured signal due to spectral overlapping125, as well as the 

previously mentioned off-target interaction increase.  

The most commonly used fluorescent molecules are Cy5 and Cy3. These cyanine fluorophores 

have been known to be sensitive to photobleaching and quenching, leading to lowered 

fluorescent intensity and a bias in the representation of the dyes126, 127. An alternative is the 

Alexa dyes that show lower dye bias due to their higher resistance to both photobleaching 

and quenching, which should result in higher correlation between the two channels. However, 

conflicting results when comparing fluorescent molecules have been found127-129, indicating 

that the differences between these two popular dyes might be of minor extent. Other 

examples of fluorescent detection molecules are rhodamine, texas red, fluorescein, and 

quantum dots130, 131. 

One limitation with label-based detection is the amount of fluorescent molecules that can be 

attached to each detection molecule without adversely affecting its recognition capabilities. 

In order to increase this number, and thus achieve a higher signal and detect proteins of lower 

abundance, an amplification method such as rolling circle amplification can be applied. Rolling 

circle amplification is an enzymatic amplification approach using an oligonucleotide primer, a 

circular single-stranded DNA, DNA-polymerase and nucleotides. The primer is attached to an 

affinity molecule that bind to the desired antigen. The circular DNA hybridizes to the primer, 

and the DNA-polymerase starts replicating the DNA using the free nucleotides. This creates a 

long strand of single-stranded DNA complementary to the circular DNA. Primers coupled to a 

fluorophore, or other detection molecules, can then bind to the long single-stranded DNA132. 
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This not only means that it is possible to attach multiple detection molecules to one affinity 

molecule to amplify the signal, but also that a higher degree of multiplexing can be 

achieved133. 

Label-free Assays 

In label-free assays an inherent property of the target itself, such as the mass of the molecule, 

is measured. This is a desirable property of an assay as it ensures that the measured signal is 

a direct result of the target molecule. In comparison to using labelled detection molecules the 

label-free assay would not be subjected to off-target interactions towards other detection 

molecules, and not be dependent on laborious labelling of the molecules. 

The two most common label-free methods for measuring proteins are surface plasmon 

resonance (SPR) and mass spectrometry134, 135. The basic function of a mass spectrometer is 

to measure proteins or peptides by ionising and accelerating them to a common velocity and 

measuring their deflection in a magnetic field. The resulting deflection depends on their mass 

and their charge and the output can be compare to databases with known or theoretical 

output. This potentially allow for identification of proteins and their proteoforms but often 

requires preparation of samples through enzymatic digestion or protein separation to reach 

high sensitivity136. In SPR the change in angle of reflection that occurs as mass changes when 

proteins interact with each other on metal surfaces is used to determine when a binding event 

happens. By measuring this change over time full kinetic information of the binding event can 

be extracted.  Although SPR has been used for detection of interaction between proteins for 

quite some time there have not been any SPR-platform developed that can be used in a true 

high-throughput microarray format. Some microarray applications of SPR have been 

produced, but the number of possible simultaneous analytes have usually remained limited 

to a few hundred135 although arrays of thousands of features are possible137. 
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Blocking and Background 

One of the factors that has to be addressed when generating a protocol for any type of protein 

microarray is the issue of “background”. Background is caused by detected off-target signals 

by the sample, the detection reagents, the substrate, or the contents of the buffer used for 

dilution of either sample or targets. In order to address any kind of background the origin of 

the background and the causing agent must first be defined, since it can originate from a 

number of different sources. 

Local background  

The local background is commonly considered to be the signal in the reporter channel that 

originates from the area immediately surrounding the feature, and there are multiple 

contributing factors to this local background.  One possible contributor to local background 

are satellite spots, which are small spots surrounding the feature that originates from spraying 

due to incorrect viscosity when using non-contact printers. Another contributor is smearing 

or tails that originates from excess material being smeared from moist spots when liquid is 

applied to the array. A third contributor is autofluorescence form the substrate itself and the 

fourth is interactions between proteins in the liquid phase and the substrate surface 

surrounding the features. These different factors has to be addressed separately; satellite 

spots must be addressed by using the correct viscosity in the print buffer, smearing and tailing 

must be addressed by ensuring the features are properly dried before any liquid is applied, 

and autofluorescence must be addressed by using substrates and detection methods that are 

mutually compatible. However, the possibly most difficult local background to address is off-

target interactions between the substrate and the sample or detection reagents. On some 

substrates the local background can be addressed through chemical inactivation of the 

reactive groups by adding organic chemicals that deactivates the reactive groups. 

Alternatively, a well-defined protein, or mix of proteins, can be added and allowed to bind to 

the substrate to form a uniform layer94, 138. The goal of inactivating or blocking the substrate 

in this way is to reduce off-target interactions towards the substrate to weak interactions and 

to achieve a uniform spread. Some care should be applied when deciding on which strategy 

that will be used for blocking, especially if the inactivation is performed with a protein. It 

should preferably be a substance that can be assumed to have weak interactions with the 
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contents of the type of sample that will be applied. As an example bovine serum albumin is 

often a suitable blocking protein if the sample that will be applied in the liquid phase contains 

antibodies that is to be detected. Since serum albumin is the most prominent protein in serum 

of mammals most antibodies could be expected to show low general reactivity towards serum 

albumin. Addition of bovine serum albumin results in a monolayer of protein forming on the 

substrate surface, and this then quenches unreacted groups and limits the interactions of 

other proteins in the liquid phase.139 Adding more than one protein, such as a mixture of 

bovine serum albumin and fat-free powdered milk or gelatine can further reduce the 

background, but might cause an increase in off-target binding to the substrate due to the 

increase in complexity of the blocking agent. This local background can become a problem if 

it is high or uneven, but it often does not affect the detection of on-target binding to any 

greater extent and adverse effects is limited to making it difficult for image analysis software 

to detect the boundaries of features. However, if the local background is high or non-uniform 

it can affect the foreground data and thus requiring that it is subtracted from the data. Most 

two-dimensional or hydrogel substrates will result in an off-target adsorption that  is too low 

or uniform to adversely affect the resulting data, as long as the foreground signal is of 

acceptable quality. If that is the case then applying downstream background subtraction to 

the dataset can add, rather than remove noise, and care should be taken as to how adjustment 

for local background is performed. Thicker substrates such as nitrocellulose can often result 

in considerably higher local background due to higher autofluorescence from the substrate140. 

Applying blocking procedures for thicker substrates can result in lower local background also 

for these substrates. However, it is far more efficient to choose detection wavelengths that lie 

beyond the autofluorescence of the material, such as near-infrared detection for 

nitrocellulose as the detected signal then lies beyond the autofluorescence of the substrate. 

Global Background 

So far only the background caused by the substrate has been taken into consideration, but a 

more difficult problem is often the background from off-target interactions between the 

proteins in the liquid phase and the features. This is originates from off-target interactions 

between proteins in the sample or the detection reagents and proteins in the features, and is 

commonly related to the concentration and complexity of the liquid phase. As an example 

Brown et al. found that this background fluorescence is dependent on the total amount and 
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the complexity of the protein mixture in the liquid phase. Consequently they found that high 

overall concentration tends to reduce the precision in the measurements73. To address this 

they suggested fractionation of samples to reduce the liquid phase complexity. However, as 

mentioned previously depletion, separation or fractionation of samples are less desirable due 

to decreasing reproducibility11 and is not suitable for high-throughput analysis. Although it can 

be true that increased complexity increases both local and global background, addition of 

proteins to a complex sample can also reduce background signals. This is commonly utilised 

by adding the same blocking agent to the sample as were used for blocking the substrate. This 

blocks the off-target adsorption of the proteins in the liquid phase before it is added to the 

array. Analogous to that, by adding more proteins off-target interactions between proteins in 

the liquid phase and features can be blocked. One such example is the global background that 

arise from some serum samples when applied to an antigen array where the features carries 

a six-histidine group. This group can be found in the Epstein-Barr virus that is often found in 

humans, and many individuals can produce antibodies towards this peptide-group.  By adding 

this six-histidine group to the serum sample most of the antibodies towards that group will 

interact with the six-histidine in solution rather than the six-histidine immobilized in the 

features. The same principle can be applied to detection reagents; if the detection reagent is 

a labelled goat antibody then adding un-labelled goat antibodies to the sample can prevent 

weak background interactions between sample and reporter. The global background can also 

to some extent be alleviated by diluting the sample more if the foreground is saturated. This 

will reduce the detected signals from both the on-target foreground and the off-target global 

background, and as the foreground enters the linear range of the detection method the global 

background will approach the lower detection limit. However, when the global background 

reaches the lower detection limit, any further dilution might only serve to increase noise in 

the global background, as the off-target background approaches the noise level that is 

introduced through other sources. This makes it difficult to assess if the background is due to 

off-target interactions or introduced trough other sources. This is illustrated in figure 5 where the 

relation between foreground and global background is moved between off-target noise in high 

antibody concentrations and noise from other sources for low antibody concentration.  
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Figure 5: 3D plots of two antibody dilutions. The first plot shows the reported fluorescent signal intensity for six dilutions of 
two antibodies in separate subarrays. Their on-target interaction are denoted as red peaks, off-target interactions that are 
less or equal to two standard deviations of the global background are denoted as green peaks, and off-target interactions 
above two standard deviations are denoted as yellow peaks. Each dilution were performed in separate wells and the 
separation is represented by the white areas between the subarrays. The plot to the right shows the same data, except as 
relative to the on-target peak for each subarray. 

 

Multiplexing 

When using microarrays, one of the choices that has to be made is if the degree of multiplexing 

should emphasise features or analytes. One single feature physically occupies a small area on 

a slide and hypothetically a much larger number of features should be possible to array then 

what is practically possible. This is due to technical challenges in arraying that can cause the 

distance between the features can become too small, with merging of features as a result. The 

distance needed between features depend on the precision of the instrument that is used for 

generating the arrays, the buffer composition of the features, hydrophobicity of the substrate, 

the lattice arrangement, temperature , humidity etc. Since not all of these variables can be 

controlled for, a distance that is large enough to compensate for these variables has to be 

chosen. As an example, features with a 100 µm diameter arrayed in a regular lattice might 

need a centre to centre distance of approximately 180 µm to prevent the features from 

merging. The smaller this distance between features are the greater the risk of features 

merging and the greater the distance is the smaller the risk becomes. By increasing the 

precision of arraying instruments, and by controlling the ambient conditions and sample 

viscosity, variation in placement can be reduced and packing-density of features can be 

increased. 

It might be assumed that the optimal choice is to maximise the useable area on each substrate 

and acquire the maximum amount of data-points per sample. This might be desirable if the 

goal is to perform and undirected approach for novel discoveries of protein interactions or 
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biological markers for diseases, such as for autoimmunity or protein profiling. However, it 

comes at a great cost as it requires access to expendable reagents whose relevance might not 

be of great importance in the proposed experiment, as well as requiring the use of more 

substrate.  The addition of more unique features do not necessarily result in a one to one 

increase in meaningful foreground signals, which results in diminishing returns on the cost 

incurred from acquiring or producing the arrays. The alternative to this undirected approach, 

is to use a planned directed approach. Employing a directed approach entails applying a 

hypothesis as to which targets that might be reactive in the specific experimental context and 

acquiring those targets for arraying. By this the spatial size of the arrays can be kept smaller, 

and higher throughput per substrate can be reach through the use of subarrays and 

compartmentalisation. The sparsity of data that can occur for very large arrays is shown in figure 6 

and illustrates the diminishing returns that can be a result of an undirected approach. If the 

interactions shown in red in figure 6 would have been thought to have relevance in the disease setting, 

and a directed approach comprising of these proteins had been performed, the cost incurred for the 

analysis could have been minimised. This is unfortunately not always not possible and as such these 

large-scale arrays represent an important tool for discovering unexpected autoimmune interactions.   

 

Figure 6: 3D representation of the all 21,120 values in one array. The data originates from autoimmunity profiling of a human 
serum sample. Any data below or equal two standard deviations is coloured in green while data points above two but below 
or equal to ten standard deviations is coloured in yellow. Data above ten standard deviations is coloured in red.  
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The added benefit of analysing more analytes per substrate is that variation and cost per 

experiment can be reduced simultaneously. This change in throughput can be illustrated by 

considering that a session with an arraying instrument might produce 100 microscope slides 

with one array comprising 57.000 features, usable for in total 100 analytes. Alternatively, it 

can produce 100 slides with 24 arrays with 1.500 features for a total of 2.400 analytes. The 

throughput can thus be varied between features or analytes through compartmentalisation. 

Compartmentalisation can be achieved through the use of multiwell hybridisation cassettes 

or microscope slide holders and commercially available holders can be found with up to 192 

compartments per slide. While such a large number of compartments allow for a large number 

of samples to be simultaneously analysed, the arrays will by necessity be very small. If larger 

arrays is needed holders suitable for automation could be a more effective choice. A holder 

for four microarray slides with 24 compartments per slide results in a 96-well standard format 

for implementation of high-throughput applications using standard pipetting robots. In the 

end the choice often stands between reaching high-throughput in the dimension of either 

analytes or features, and compensating for the lack of throughput in the other dimension 

through increased cost and time.  

Image Analysis 

Detection of fluorescent labels is usually conducted in a microarray scanner that use lasers to 

excite the fluorescent labels and a detector to detect the emitted light. The output of the 

instrument are false-colour images from each channel that can be merged into one final 

image. A scan of a full microscope slide can comprise millions of data points, most of which 

are of little interest as they are derived from the empty slide around the features. The number 

of data points depend on the resolution of the scanner, which is often adjustable between 5, 

10, 20, and 40 µm. At a resolution of 10 µm each data point will be represented by a 10x10 

µm square, or “pixel”. As a result, at a resolution of 10 µm a circular feature with a diameter 

of 100 µm will be comprised of approximately 80 pixels, i.e. 80 measurements. If an increase 

in measurements is desired and the resolution is increased to 5 µm, then the measurements 

made in each feature will quadruplicate to over 300.  

  



  Technical Considerations for Protein Microarrays 

 
 

39 
 

Superficially it may seem like the best choice of resolution would be the highest resolution 

possible but this is not always the case. As the resolution doubles the number of pixels 

quadruplicates regardless of whether the pixels are of interest. This will then result in longer 

scan times and a quadruplicating of the size of the image files. For light use this might not 

matter much as the increase in time and file size for a few scans might not become much of a 

problem. However, in large-scale projects that produce large arrays and numerous images the 

time spent on scanning and transferring files, as well as the size of storage space for large 

image files, makes it impractical to use higher resolutions. From this follows that the 

resolution that should be chosen is dependent on the resolution that is needed for a particular 

application. For most microarray application the 10 µm resolution will be suitable since the 

feature diameter usually will be between 100 – 150 µm, meaning that there will be 

approximately 80 to 180 pixels per feature. However, some applications, such as arrays 

produced through lithography, can produce features at the nanometre scale and 

consequently benefit from, or demand, high-resolution scans. 

Due to the large overhead of pixels originating from outside the array or in between features, 

extraction of data is preceded by defining the areas occupied by each individual feature. 

Thankfully this is to large extent achieved through software that uses algorithms to identify 

the location of the features. The automatic identification is followed by manual input for those 

features that are misalignment, ill-defined, missing or otherwise need attention. Once the 

features have been localised the software will separate the values from the features from the 

values immediately surrounding the feature. The values can then be exported to a more easily 

handled text-file format. Simple mathematical calculations such as standard deviation for each 

feature can often be performed and manually or automatically added notes on feature quality 

can be added. 

Once the data have been extracted and saved as more easily addressable files the question of 

how to evaluate the data arises. Depending on the experiment, extensive statistics may have 

to be performed in order to correct for experimental variation and abnormalities. However, 

no “catch-all” method for analysis of protein microarrays data exists due to the diverse assay 

methodologies that are possible for protein microarrays. Reference designs similar to what 

has been used for DNA arrays have been successfully implemented for protein arrays141, 142. 
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Although, one drawback with applying statistical methods developed for DNA arrays is that 

they often assume a normal distribution that is equally distributed in both up and down 

regulation of expression, and this is rarely the case for protein data. However, the basic steps 

of filtering bad features, performing background correction, and normalising within and 

between arrays are similar between DNA and protein arrays. An alternative to the reference 

design is to normalise for the amount of targets in each feature143, which is an attractive 

alternative if the proteins have been expressed as fusions to a common tag. A special case are 

the reverse phase arrays that often utilises dilution curves, and sometimes suffer from large 

spatial variations due to their thicker substrates. As a result some analysis methods tailored 

specifically for reverse phase arrays have been developed 144-146. All in all, many protein 

microarray assays require their own tailored strategy for data analysis depending on the type 

of assay.  

Concluding Remarks 

So how does all this tie together? To an outside observer protein microarrays may seem like 

a simple solution to the problem of conducting fast and efficient analysis without using large 

volumes of precious samples or unsurmountable amounts of time. In reality the protein 

microarrays are a complex collection of different experimental methods whose common 

ground is the use of proteins in a “capture molecule – analyte molecule” setup, and the 

attachment of either of these molecules to a solid substrate in predetermined positions. As 

might have become apparent in the preceding text, this basic setup quickly branches out into 

multiple platforms that differ from each other in regards to arraying instruments, substrates, 

buffers, and detection methods. The final type of assay depends then on what kind of capture 

and analyte molecules that are being used and the capability of the laboratory performing the 

analysis. The final assays can roughly be divided into three groups. The group of assays where 

the orientation and functionality of the immobilised reagent is of importance for the success 

of the experiment. The group of assays where the orientation and functionality of the 

immobilised reagent is not of vital importance for the success of the experiment. The third 

group of assays is then be where the immobilised reagent is a complex mixture of high 

concentration. The most obvious examples of these would then be the antibody array, the 

protein fragment or peptide array, and the reverse phase array. To be able to perform any of 

these three general types of experiments all special equipment that is needed is an instrument 
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for producing the arrays, a scanner, and a healthy dose of curiosity and love for a good 

challenge. In the four papers described under “Present Investigations” I have detailed some 

of the work that has gone into understanding some of these technologies and the 

development of our own platforms for arraying and analysing reagents. 

 In paper I and III are examples of developing and discovering the possibilities and limitations 

of the reverse phase format while using the instrumentation at hand, rather than the 

instrumentation that would have been optimal for the task. In paper I we were limited by the 

equipment we had at hand and, as all good engineers and scientist do, did the best we could 

with the equipment at our disposal and the final result met our goal. However, after paper I 

there were still unresolved questions in regard to accuracy and robustness of our reverse 

phase platform. Those questions were then answered to some extent during the work that 

laid the foundation for paper II. What these two paper show was that it was possible to do 

high-throughput screening of blood-derived samples with high reproducibility, for proteins 

that could be considered high and medium abundant. They also showed the impact and 

importance of being able to perform all these tests simultaneously, as the reproducibility 

within and between experiments were more robust for the array-assays compared to the 

“gold standard” ELISA. Today a new reverse phase platform is being developed using more 

suitable instrumentation, and we are taking another step in the evolution of our microarray 

platforms analytical space. 

 In paper II and III some of the work that we have performed on the development and scale-

up of our protein microarray platform for high-throughput validation and profiling of affinity 

reagents and biofluids is detailed. There is a remarkable difference between repeatedly 

performing a routine analysis and performing analysis using unknown reagents, especially 

when the work has to be performed in a high-throughput manner. This was the main issue in 

paper II as we performed validation experiments of hundreds of reagents with unknown 

properties in short time. By applying the knowledge we had previously gained by the routine 

analysis of HPA antibodies, as to what a successful analysis could be expected to look like, we 

were able to develop and implement several new protocols using different buffers and 

detection reagents. This also meant that we got confirmation that our routine analysis 
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performed within HPA was a valid analysis method also for other types of affinity reagents, 

and that the setup was functional in a broader affinity reagent context. 

The arrays that are routinely produced for the validation of HPA antibodies have also found 

their use in other applications, such as screening for targets for autoantibodies in autoimmune 

disease contexts. One of the difficulties encountered when trying to analyse a sample with 

entirely unknown interaction partners on microarrays containing few possible targets, is the 

problem with identifying a functional experiment if there are no targets that results in clearly 

defined signals in the array. In such a scenario one might be inclined to believe that the 

experimental protocol is at fault, and either abandon the project or start unnecessary 

optimisation attempts. The need for larger arrays for screening is what drove the development 

of the large-scale and high-density protein fragment array detailed in paper IV. The 

combination of an arraying buffer with low vapour pressure and a high-speed arraying 

instrument lead to the possibility to array 384-microtiterplates with protein fragments in a 

fast and efficient manner, while minimising evaporation and sample consumption. We could 

thus store plates full of protein fragments that had been produced over a long period of time 

and accrue a large library of protein fragments for construction of large-scale protein 

microarrays. These microarrays that comprises tens of thousands of features have since 

proven to be useful for both validation and profiling of HPA antibodies, as well as 

autoimmunity profiling of human serum. The background behind these four papers are more 

thoroughly described in the chapter Present Investigations and the articles themselves are 

included in the appendix. 
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Present Investigations 
 

Paper I - Screening for C3 Deficiency in Newborns Using 

Microarrays. 

 

Aims of the investigation 

Complement factor 3 (C3) deficiency is an inherited defect of the immune system and might 

result in organ damage or death due to severe infections. It is caused by mutations in the C3 

gene resulting in absence or diminished levels of C3, or a dysfunctional variant of C3. The 

disorder is rare, and is commonly sorted under the larger group of inherited defects of the 

immune system that is called “primary immunodeficiency disorders”. The deficiency is mostly 

noted in infancy due to life-threatening infections, and neonatal screening for detection of C3 

deficiency before the onset of severe infection would be desirable for administration of 

prophylactic treatment to reduce of adverse effects. 

We had a previously established platform for screening of C3 deficiency in serum in a reverse 

phase protein array (RPPA) format, and we now aimed to extend that platform to eluates from 

dried blood spot samples (DBSS).The reason for using DBSS were that it is are routinely 

collected from newborns at birth and are already widely used for neonatal screening. The 

results that we acquired from the RPPA format were compared to values acquired through 

ELISA, for confirmation of relevance of the findings for both serum and DBSS eluates. 

Summary of findings 

Two C3 deficient serum samples and twelve control serum samples were analysed for their C3 

levels by both RPPA and ELISA. No C3 were detected for the C3 deficient samples in either of 

the platforms, while both platforms detected C3 in the control samples. Two C3 deficient DBSS 

eluates and 278 control DBSS eluates were arrayed together with the serum samples. No C3 

were detected in either of the deficient DBSS samples while C3 were readily detected in most 

of the control DBSS samples. Some of the control DBSS samples showed low levels of C3 on 

the RPPA as compared to ELISA and were reprinted six times for a total of up to 47 replicates.  

The protein content of these six discrepant samples were then determined by SDS-PAGE and 
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compared to normal controls. Some low molecular weight bands present in the discrepant 

samples were noted, suggesting degradation of C3. 

Results and conclusions 

The correlation between RPPA and ELISA was generally low. However, the RPPA showed 

considerably lower coefficient of variation (15±6%) compared to the ELISA (29±13%). This 

might be explained by the lack of batch effects in the RPPA format, but still did not explain the 

consistently low RPPA values for six of the controls. Both the RPPA and the ELISA used 

polyclonal anti-C3 antibodies for detection of C3 so it remains to be determined why the ELISA 

would more readily detect degraded C3, in combination with a generally higher variation. 

Unfortunately this question could not be fully answered and remained unanswered. Overall 

the RPPA method developed for DBSS proved to be able to detect deficiencies, although it 

seemed sensitive to false positives, making it useful as a screening method for C3 deficiency. 

However, the RPPA would then need to be followed up by validation of identified deficiencies 

through an alternative platform. 

 

 

Figure 7: Data correlation between RPPA and ELISA assays for C3 levels in DBSS. The correlation between serum microarray 
intensities and ELISA values for the Swedish C3 deficient patient (green circle) and 269 controls. Six samples (marked in red) 
show low intensities on the microarrays when compared to C3 (g/l). The results for the low intensity samples are based on 6 
printings and a total of 20-47 replicates. 
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Paper II - Validation of Affinity Reagents Using Antigen Microarrays. 

 

Aims of the investigation 

This investigation was initiated in the context of the SH2-consortium14, which were an 

international program to generate a complete set of affinity reagents to SH2-containing 

human proteins. The consortium comprised several research groups developing different 

types of affinity reagents towards the 110 known human SH2-containing proteins encoded in 

the human genome. There were two sources for production of antigens representing the SH2-

containing proteins, the Structural Genomics Consortium147 (SGC) that produced the SH2-

domains and the Human Protein Atlas52 (HPA) that produced protein fragments. The affinity 

reagents towards these antigens were generated by five research groups, as well as multiple 

companies, and comprised antigen purified polyclonal rabbit antibodies, mouse monoclonal 

antibodies and recombinant single-chain variable fragments (ScFv).  In total 64 SH2-domain 

containing proteins were represented by 105 antigens, and 398 affinity reagents towards 

these antigens were generated. 

Due to the varying origin and production methods of the antigens and affinity reagents, a 

versatile high-throughput protein microarray setup that could be used for validation of 

reagents specificity had to be established. We had previously developed the protein 

microarray for validation of antibodies produced within HPA, and now broadened the 

applicability of this platform to comprise more antigens and other methods of detection. To 

achieve this, the 105 SH2-antigens were supplemented with 301 non-SH2 protein fragments 

and arrayed these antigens in 14 identical subarrays per slide, and performed optimisation for 

each set of binders to establish working protocols. This encompassed establishing suitable 

dilutions of reagents and compatible buffers. 
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Figure 8: Design of the SH2-based antigen microarrays. (a) The layout and distribution of the 432 spotted antigens. The red 
spots corresponds to SH2 related HPA antigens and the blue spots corresponds to non-SH2 HPA antigens. The green spots 
indicate where the SGC SH2-domains are spotted. (b) Quality assurance of the produced antigen microarrays is performed 
with a chicken anti-His6ABP antibody, visualising the presence of all HPA produced antigens. 

 

 Summary of findings 

Despite the complexity of performing high-throughput validation of a diverse set of affinity 

reagents, we could identify reagents from all providers towards all SH2-domain antigens. 

Using our microarrays we could determine that approximately 50% of the affinity reagents 

had binding profiles where the most prominent signal was from their intended target, and 

only approximately 10% had low or no interaction with their intended target while displaying 

reactivity with other antigens. 
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Figure 9: Schematic view of the results from validation of a monoclonal antibody towards protein GRB2. The y-axis in the 
histogram shows the relative signal intensity from each arrayed antigen. The x-axis contains all antigens in the order that they 
were arrayed with the recombinant protein fragments produced in the HPA to the left as single replicates and the domains 
produced by SGC to the right in duplicates. The signal from the HPA GRB2 antigens is shown as green bars, and the signals 
from the SGC domain is shown as red bars. Off-targets interactions are shown as black bars. In the sequence plot displayed 
below the histogram the full length protein is drawn as a horizontal bar coloured in grey with the endpoints of the SH2-domain 
marked with blue vertical bars. The HPA protein fragments are drawn as green horizontal bars and the SGC SH2-domain as a 
red horizontal bar. All protein fragments have their first and last amino acid written next to them, as corresponding to the 
full-length protein. This example shows that the monoclonal antibody that were produced against the SGC produced SH2-
domain of GRB2 recognises the proper target, and that the epitope is likely to reside in the 50 amino acid stretch between 
amino acid 109 and 159. 

 

Results and conclusions 

Our investigation were triggered by the need of a high-throughput platform for the validation 

of on-target interactions of a large number of diverse affinity reagents from multiple 

providers. At first glance this task seemed daunting as we recognised the need for combining 

a high-throughput workflow with multiple optimisations for reagents that we had little to no 

previous experience with. We approached this task by using our established platform as a 

springboard to launch optimisation assays that were needed to accommodate the different 

reagents.  We also recognised the need for previous experience of microarray method 

development and image analysis to interpret results and adjust protocols accordingly. 

Approximately 600 tests including optimisations, were done for the 398 affinity reagents. This 

means that less than two test per reagent were needed. This clearly showed the strength of 

protein microarrays as validation tools for affinity reagent production.  
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Paper III - Biosensor Based Protein Profiling on Reverse Phase 

Serum Microarray. 

 

Aims of the investigation 

This investigation was an extension of our previous work using RPPAs. As mentioned in 

conjunction with the paper I, we had noticed a discrepancy between the results obtained using 

the RPPA and the ELISA. We had now produced a new RPPA with almost 2.500 serum samples 

for investigating the feasibility of screening for IgA-deficiency using this platform. We once 

again noticed a noticeable discrepancy between the data obtained through the RPPA and the 

ELISA. We had been offered the opportunity to evaluate the feasibility of using a novel 

instrument for our work and to develop new assays for the platform. We therefore decided 

to bring this investigation into this biosensor based microarray platform, to confirm the 

previous results. The biosensor based platform utilised surface plasmon resonance (SPR) to 

measure the difference in refraction that occurs as the mass changes when a ligand binds to 

a protein on a metal surface. The output after data acquisition are full binding curves that 

allow for extraction of interaction kinetics. The instrument that we been given access to had 

the capability to measure 400 binding curves simultaneous for six consecutive ligand injections 

for up to a total of 2.400 binding curves per chip.  

Summary of findings 

A total of 2.423 serum samples were arrayed on glass slides and analysed for their IgA content. 

182 of those samples were then re-arrayed on glass slides and arrayed on sensor chips for the 

SPR measurement. This set of 182 samples comprised 28 samples that had been identified as 

IgA deficient using both the RPPA and the ELISA, 100 samples that showed large discrepancy 

between the RPPA and the ELISA, and 54 samples that were randomly chosen from the sample 

set. The within-slide and between-slide reproducibility of the glass slides were investigated as 

well as the reproducibility between printings. For the SPR chips the between-chip 

reproducibility was also investigated. The correlation between the three platforms, RPPA, 

ELISA, SPR, were also assessed.  
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Figure 10: Reproducibility of the label-based RPPA platform. A) Plotting the spot replicates within each slide in a correlation 
plot shows a correlation of R = 0,98 between spot replicates. B) Plotting two slide replicates shows a correlation coefficient of 
R = 0,98 also between slides, albeit with a lower correlation for samples with higher target concentration. C) Plotting the 182 
samples that were reprinted and reanalysed on the fluorescence based arrays shows a correlation coefficient of R = 0,9. This 
indicates that the spotting procedure was robust and with acceptable reproducibility both within each print run as well as 
between print runs.  

 

Results and conclusions 

No replicates were performed on the ELISA platform unless a sample showed a large 

discrepancy between the RPPA and the ELISA, due to the time and sample consuming nature 

of the ELISA. Consequently, no proper investigation into the reproducibility of the ELISA could 

be included in the final paper. The reproducibility within the RPPA platform and the SPR 

platform, and between the two array platforms, proved to be excellent. A Spearman 

correlation over 0,9 was obtained for the within platform comparison, and just below 0,9 for 

the between platform comparison. The ELISA showed less agreement with a correlation of 

only 0,66 (ELISA vs. RPPA) and 0,76 (ELISA vs. SPR), and this was shown by the correlation plots 

as seen in figure 11. We had previously suspected that the discrepancy between the RPPA and 

the ELISA was driven by the ELISA data, and the new platform seemed to confirm this. The 

coefficient of variation for any of the platforms were not included in the final article due to 

the lack of appropriate replicates for the ELISA platform. However, for those samples that 

there were replicates performed on the ELISA the CV was 50%, while for the RPPA and the SPR 

they were 17% and 5% respectively. Many of the samples that were replicated on the ELISA 

were samples that were chosen to be reanalysed due to their discrepancy with their RPPA 

result. Therefore the observed CV were not be deemed fully representative of the platform. 
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Figure 11: Correlation between the RPPA-platforms and the ELISA. A) The two microarray-based platforms show acceptable 
agreement with a correlation coefficient of R = 0,89. B) A correlation plot between fluorescence-based array and ELISA show 
less agreement with a correlation coefficient of R = 0,66. C) The correlation plot between SPR-based array and ELISA also show 
less agreement between platforms then the two array-based platforms with a correlation coefficient of R = 0,76. 

 

The SPR platform proved to generate data with CV < 5% and with a possibility to extract full 

binding kinetics if necessary. It was consequently deemed to be useful for measuring IgA in 

serum in a RPPA-like format. As a side note to that is that we previously investigated the 

instruments applicability for detection of proteins in serum in a capture array format. 

However, this resulted in little success due to unsurmountable difficulties with clogging of the 

fluidics system in the instrument. After several failed attempts it was revealed that it was a 

known problem for the instrument and was due to the high protein concentration in serum. 

Another drawback with the instrument was the extraordinarily large sample volume of 1,6 ml 

that were needed for injection, which precluded the use of the instrument for many 

applications. The instrument was later withdrawn from the market as other instruments with 

similar function that were less sample demanding became more widespread.   
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Paper IV - Exploration of High-density Protein Microarrays for 

Antibody Validation and Autoimmunity Profiling. 

 

Aims of the investigation 

All antibodies generated within the Human Protein Atlas (HPA) are validated for their on-

target binding with protein microarrays that comprise of their cognate recombinant protein 

fragment and 383 other fragments, which are currently in the HPA antibody production 

pipeline. There are new batches of 384 fragments arrayed regularly for continuous testing of 

cognate antibodies. The 384-well microplates that contains the protein fragments can be 

stored and reused for production of new microarrays, and multiple batches can thus be 

combined to produce larger arrays. We took advantage of this possibility and produced a set 

of arrays containing 11.520 protein fragments with two subarrays per slide, and a set of arrays 

containing 21.120 protein fragments in one subarray per slide. This undertaking was initiated 

for the advancement of our protein microarray platform and for investigating the relevance 

of the classifications that are assigned to each antibody during validation in the HPA. 

Summary of findings 

We profiled 48 polyclonal antibodies on arrays with 384 and 11.520 protein fragments, and 

10 of those antibodies were further analysed on arrays with 21.120 protein fragments. Nine 

serum samples from patients with secondary progressive multiple sclerosis were also analysed 

for their autoimmunity reactivity profile on the arrays with 11.520 protein fragments, and two 

of those were further profiled on the arrays with 21.120 protein fragments. Two of the 

antibodies and two of the serum samples were finally profiled on a commercially available 

protein microarray platform comprising over 17.000 full-length proteins. The 48 polyclonal 

antibodies that were profiled on arrays with 384 and 11.520 protein fragments showed 

increasing spread of off-target interactions on 11.520 protein fragments for antibodies with an 

increasing number of off-target interactions for 384 protein fragments, as seen in figure 12A. This 

indicates that the routine validation performed on protein fragment arrays in the HPA is able to detect 

antibodies with a high number of off-target interactions towards complex samples. A subset of those 

antibodies that showed one single off-target interaction >40% of the on-target interaction, and a 

subset of the group antibodies that showed no off-target interactions, were further analysed on the 
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arrays with 21.120 protein fragments, as seen in figure 12B . This revealed that the antibodies with a 

single strong off-target interaction does not necessarily result in a large increase of off-target 

interaction as compared to those antibodies that showed no off-target interaction on 384 protein 

fragments. Consequently, those antibodies with only one strong interaction on 384 protein fragments 

may not be necessary to fail in the validation step. One example that illustrates the increasing amount 

of off-target interactions that could be expected from an antibody as it is exposed to more possible 

epitopes is shown in figure 13, with barplots from 384, 11.520 and 21.120 protein fragments and the 

full-length protein microarray. The lack of off-target interactions towards full length proteins implies 

that epitopes detected in the protein fragments might be hidden in the full-length folded proteins, 

thus making the antibody more specific then what is implied on the protein fragment arrays. 

 

Figure 12: The number of off-target interactions with a relative signal >15% of the on-target interaction. A) On the x-axis is 
the number of off-target interactions (> 15% of on-target) on arrays with 384 protein fragments plotted in groups of zero to 
more than three interactions and with an additional group for those that showed on strong (>40% of the on-target 
interaction). On the y-axis is the number of off-target interactions on arrays with 11.520 protein fragments. B) The green 
connected dots are five antibodies that had no off-target interactions on 384 protein fragments and the red connected dots 
are five antibodies with one off-target interaction >40% of the on-target interaction on 384 protein fragments.  

 

Results and conclusions 

The assembly of 384-well microplates for production of arrays for validation of antibodies 

enabled the generation of large-scale arrays with 21.120 protein fragments. These large-scale 

arrays can be further expanded and hold the potential to become an important addition to 

our toolbox for profiling both affinity reagents biofluids. Using these arrays we could show 

that the validation performed in the HPA carries relevance when considering large collections 

of antigens. The production of these arrays also hints at the feasibility of constructing large 

antibody arrays using the HPA antibodies as these antibodies are also stored in microplates, 

and in a buffer suitable for direct arraying. We also had the opportunity to compare our results 

from both antibodies and autoimmunity samples to a full-length protein microarray. That 

showed that the full-length protein microarrays useful for validation of on-target binding and 
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screening of interaction partners of antibodies, and that they add value to our autoimmunity 

screening. 

 

Figure 13: The first three barplots shows the binding profile for one antibody on arrays with 384, 11.520, and 21.120 protein 
fragments. The initial binding profile on 384 protein fragments revealed a signal off-target interaction. As the number of 
protein fragments in the array increased the number of identified off-target interactions increases as well with the correct 
antigen marked by red bars and the initial off-target interaction marked in black. At the bottom is the same antibody tested 
on full length protein microarrays containing approximately 17.000 full length proteins where only one strong off-target 
interaction was detected.  
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Future Perspectives 

The work in this thesis provides details to the work that constitute the foundation of the 

protein microarray platform. The platform have undergone a steady evolution from what we 

today consider small-scale arrays towards more, bigger, faster, and better. And the work will 

of course not end now. 

An antigen array comprising of almost all antigens produced within the HPA will soon be in 

the making. This will give us unprecedented possibilities for profiling of reagents and samples, 

with over 40.000 unique recombinant protein fragments as targets. To achieve this, new 

arraying procedures and new protocols for analysis will have to be developed. 

On the reverse phase array platform we aim to array a complete biobank of approximately 

12.000 serum samples for investigation of higher abundant protein levels looking across 

various diseases. This would then come to represent maybe the largest RPPA ever produced 

so far, and will enable new and exciting research venues for the protein microarray platform. 

Last, but definitely not least, looms the possibility of arraying one of the world’s largest 

collections of antibodies. As the Human Protein Atlas on November 6th 2014 summarised its 

knowledge of the human proteome it comprised proteome analysis of almost 17.000 unique 

proteins that have been analysed using approximately 24.000 antibodies. Thousands of these 

antibodies, together with many more that have not yet been published, are currently 

accessible from plates that has previously been available for the validation. One can envision 

a transfer of aliquots of these antibodies into plates suitable for   arraying that will enable the 

generation of capture arrays with tens of thousands of antibodies. This will then allow for 

profiling of protein levels for thousands of proteins simultaneously on a single slide, which will 

open up entirely new possibilities for proteomic research. 

The field of affinity proteomics is set to continue growing and evolve and I hope to continue 

as a part of these efforts that advances it into the future by discovering new uses and by 

developing new applications for protein microarrays. 
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