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1. Introduction 

Our knowledge about life at the molecular level continues to grow and enables us 
to better understand the mechanisms behind health and disease. Groundbreaking 
discoveries were made in the middle of the twentieth century with the elucidation 
of the DNA double helix structure and how the genetic code is linked to RNA 
and proteins (Crick et al., 1961; Nirenberg and Matthaei, 1961; Watson and 
Crick, 1953). This opened up for the rapid development of the branch of science 
that would later be called the life sciences. The realization that DNA was the 
carrier of our hereditary information lead to intense studies in the field of 
genomics. The Human Genome Project (HGP) started in 1990 and together with 
Celera Genomics the complete sequence of the whole human genome was 
presented in 2003 (International Human Genome Sequencing, 2004). More than 
20,000 protein-coding genes were found and hopes were that studying 
abnormalities in these genes would explain the cause of different diseases. Indeed, 
some genetic markers have been found but it has also become evident that 
genomics alone cannot explain the complex biology that is present at a given point 
in time (Graves and Haystead, 2002). More has been discovered about how genes 
are regulated and RNA has been found to not merely be an intermediate between 
DNA and proteins. As proteins carries out most of life’s functions, the study of 
proteins - proteomics - has attracted increased attention in order to understand the 
present status in our bodies. A research area within proteomics aims to explore the 
proteome in search for measureable characteristics that can improve disease 
treatment, so called disease-associated protein biomarkers. There are many 
diseases, not least cancers, where precision medicine enabled by earlier detection 
and more precise diagnosis could save lives and reduce the suffering of many. As 
the proteome is enormously complex in terms of abundance, variety and 
interactions, it provides both opportunities as well as challenges for biomarker 
discovery. One way to tackle the complexity has been through affinity-based 
proteomics, where antibodies have been the main workhorse. With their natural 
binding abilities, antibodies can fish out specific proteins to allow measurements 
and detailed studies. This has been the main advantage over mass spectrometry, the 
other major proteomic technology. 
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Our research group is working with technology development and application of 
antibody-based methods with the aim to discover candidate biomarkers. The 
search is mainly focused within the blood proteome, due to the rich source of 
potential protein biomarkers it provides and because the sample format is easily 
accessible. Among the proteins that are being transported in the blood are many 
regulators of the immune system (Anderson and Anderson, 2002). As the immune 
system is constantly responding to threats and deviations in our body, our 
hypothesis is that immuno-regulatory proteins that specifically respond to a 
certain disease can be used as biomarkers to detect even very early signs of disease. 
To ensure specificity and sensitivity, the collective response of many proteins are 
simultaneously measured in so called immunosignatures. A number of candidate 
biomarker signatures for various cancers and autoimmune diseases have already 
been identified using our in-house developed antibody microarrays (Borrebaeck et 
al., 2014; Delfani et al., 2016; Wingren et al., 2012). The microarrays are 
produced by printing microscopic droplets of single-chain fragment variable (scFv) 
antibodies onto a solid surface. scFv is a recombinant antibody format that only 
contains the variable antigen-binding domains and can be engineered for 
improved performance and new functions (Borrebaeck and Wingren, 2011).  

 

The work presented in this thesis is focused on antibody engineering and further 
technological development in antibody-based proteomics to enable improved and 
expanded protein expression profiling. Although the current antibody microarray 
platform allows simultaneous detection of a couple of hundred target proteins, 
further expansion in multiplexity is limited by physical and practical restrictions. 
Blood contains thousands of proteins and increased proteome coverage could 
potentially allow even better biomarker discovery. Improved detection and 
sensitivity could also allow better measurements of low-abundant proteins. 
Furthermore, there are certain assay steps that are laborious and difficult to 
automate which would be beneficial to circumvent in a high-throughput setting. 
These reasons motivated the continued developmental efforts presented in Paper 
I-IV upon which this thesis is based.  

 

In Paper I we evaluated a novel detection reagent in search for increased signal-
to-noise ratio and improved sensitivity of the microarray assay. In the current set-
up, biotinylated target proteins are captured by the antibodies and subsequently 
detected using the fluorophore Alexa-647 coupled to streptavidin. In this study, 
the Alexa-647 molecule was replaced by a novel fluorophore-packed nanoparticle 
called PID which was for the first time used in a microarray assay. The results 
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showed that it was possible to use PID in microarrays and higher signals were 
found in comparison to Alexa-647. The nanoparticle was however accompanied 
by a heterogeneous background issues that will require further optimization. 

 

In Paper II we explored the novel engineering method called Dock’n’Flash for 
site-specific conjugation of our scFvs. Such conjugation could be used to 
immobilize the scFvs in an oriented configuration on the slide that could lead to 
increased sensitivity and performance of the microarray assay. Further, it could 
also enable functionalization of the scFvs. Dock’n’Flash is based on covalent 
photocrosslinking of the unnatural amino acid pBpa to the ligand beta-
cyclodextrin. pBpa was for the first time incorporated in a scFv which allowed 
covalent site-specific conjugation to a microarray slide coated with beta-
cyclodextrin. In addition, conjugation was also demonstrated to beta-cyclodextrin 
in solution which opened up for site-specific functionalization of scFvs. 

 

The Dock’n’Flash method was further evaluated in Paper III with the aim to 
optimize the site for pBpa incorporation in our scFvs. Four different scFv were 
used as model clones to evaluate 13 different pBpa sites and their individual 
performance were compared to the corresponding wild-type antibodies. 
Conjugation to beta-cyclodextrin was performed both in solution and to a novel 
coated surface. A position in the C-terminal affinity tag called T7 was selected as 
the best candidate. The results confirmed that Dock’n’Flash could be used for 
oriented immobilization and that the method could enable future scFv 
functionalization studies. 

 

In Paper IV we sought to overcome some inherent limitations with planar 
microarrays by developing the solution-based platform Multiplex Immuno-Assay 
in Solution (MIAS). MIAS was designed to potentially enable higher sensitivity, 
multiplexity and sample throughput as well as allow a higher degree of automation 
and direct digital read-out. In MIAS, the biotinylated sample proteins are first 
captured to magnetic beads coated with streptavidin. Next, scFvs site-specifically 
conjugated to DNA-barcodes are added and allowed to bind, after which 
unbound scFvs are washed away. The target proteins can then be quantified via 
the barcode by next generation sequencing (NGS). Proof-of-concept for the assay 
steps was demonstrated using antibodies targeting three different proteins. 
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2. Disease-associated biomarkers 

2.1 Biomarkers for precision medicine 

The U.S. National Institutes of Health (NIH) defined a biomarker as (Biomarkers 
Definitions Working Group, 2001): 

“A characteristic that is objectively measured and evaluated as an indicator 
of normal biological processes, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention.” 

Disease-associated biomarkers generally refer to biological substances, such as 
genes or proteins, that can be correlated to a certain disease or disease state. The 
aim with identifying such biomarkers is to aid clinicians in making informed 
decisions on how to best treat a patient.  

 

Biomarkers can be classified into three main categories: diagnostic, prognostic and 
predictive biomarkers (Frantzi et al., 2014). The diagnostic group include 
biomarkers that can be used to screen asymptomatic populations for early signs of 
disease as well as biomarkers that can precisely divide patients into disease 
subgroups. Prognostic biomarkers are useful to give a prognosis for the disease 
progression and the likelihood of reoccurrence and survival. Predictive biomarkers 
can predict the response to treatment and thereby guide the choice of therapy. 

 

Finding such biomarkers would make an important contribution to enable 
tailoring of the treatment to an individual patient’s profile, so called precision 
medicine. The ultimate goal with personalized medicine is to give the right drug, 
for the right patient, at the right dose and time (Sadee and Dai, 2005). Earlier and 
more precise diagnosis would furthermore minimize “trial-and-error” medication 
and lead to less over-treatment and side-effects as well as quicker recovery (Mathur 
and Sutton, 2017). 
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An example where early detection by biomarkers could have a major impact is in 
pancreatic cancer. Today, pancreatic ductal adeno-carcinoma (PDAC) is most 
commonly diagnosed at a late stage where the 5-year survival rate is under 5% 
(Siegel et al., 2017). This number can however be increased to around 50% if the 
tumor is detected and removed at an early stage (Furukawa et al., 1996; Matsuno 
et al., 2004).  PDAC is one of the diseases that has been studied with our antibody 
microarrays and for which candidate immunosignatures have been found 
(Wingren et al., 2012; Gerdtsson et al., 2015; Gerdtsson et al., 2016). 

2.2 Protein biomarker discovery 
 

As touched upon in the introduction, searching for biomarkers in proteomes has 
many challenges due to the sample complexity. As each of the around 20,000 
protein-coding genes can result in many different proteoforms, owing to 
alterations such as alternative splicing and post-translational modifications, the 
human proteome is estimated to consist of millions of different proteins (Smith 
et al., 2013; Ponomarenko et al., 2016). The number of proteforms varies 
between and within cells and tissue types, from person to person and over time.  
The protein abundance also spans over a wide dynamic range with more than 10 
orders of magnitude in plasma (Anderson and Anderson, 2002). Furthermore, 
proteins are difficult to study as they are limited in quantity and cannot be 
amplified in the same manner as genes (Tyers and Mann, 2003). The twenty 
natural amino acids that make up proteins also have various chemical properties 
and can be combined and folded into complex structures in numerous ways.  
Moreover, careful sample handling is important as proteins risk denaturation and 
degradation after sampling.  

 

At the same time, the complexity is what makes the proteome attractive for 
biomarker discovery as the protein levels are dynamic and change in response to 
disease. The challenge to manage the complexity has not stopped ambitious efforts 
to explore the proteome. The Human Proteome Project (HPP) was launched in 
2010 by the Human Proteome Organization (HUPO) with the initial aim to 
create a database with at least one representative protein from every human gene 
(HUPO, 2010). This database is intended to include a parts list, a distribution 
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atlas, and a pathway and network map to create a backbone for further proteome 
research.  

 

Fundamental to the exploration of the proteome in search for disease-associated 
biomarkers is the development of proteomic assays, which is the focus of the work 
presented in this thesis (Paper I-IV). Different technological platforms that are 
commonly used in assay development will be presented in Section 2.2.2 and 
Chapter 4. It should however be remembered that the technology is not the only 
consideration for a successful biomarker study. There have already been many 
candidate biomarkers reported in discovery studies, but few protein biomarkers 
have made it all the way to clinical implementation (Anderson et al., 2013). There 
are likely many reasons for the low success rate but the lack of a clear aim, i.e. 
intended use, has been identified as an important factor. The aim should be to 
answer a defined and relevant clinical question and should be the set already from 
the beginning so that an appropriate roadmap to reach this aim can be designed 
(Pavlou et al., 2013; Borrebaeck, 2017). 

  

With a clear aim in mind, the development pipeline of biomarkers for clinical use 
can be divided into three main phases; discovery, verification and validation  
(Figure 1) (Frantzi et al., 2014). The discovery phase generally begins with a broad 
search to find differentially expressed proteins. The target proteins can include 
proteins that are already known to be associated with a certain disease, but a non-
targeted identification by comparing cohorts is common. Candidate biomarkers 
that are identified in the discovery phase are then transferred into the verification 
phase, also known as pre-validation. A reduced number of targeted proteins often 
allows an increase in the number of analyzed samples. The verified proteins are 
finally evaluated for clinical utility in the validation phase and parameters such as 
assay sensitivity and specificity are defined. The first validation step (and also the 
previous discovery and verification phases) is usually performed on retrospective 
samples stored in biobanks. A second validation step is then performed as a 
prospective study to show clinical utility (Pavlou et al., 2013). 
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Figure 1. Discover, verification and validation are the three main phases of the biomarker development 
pipeline. Commonly, the discovery phase involves targeting a large number of proteins to identify those 
associated to the disease. Later in the pipeline, selected candidate biomarkers need to be verified and 
validated which requires a large number of samples. 

2.2.2 Analytical platforms for proteomics  

A key element in the search for biomarkers is the employed analytical platform. 
The platform must not necessary be the same throughout the development phases. 
During the discovery phase, the technology needs to be able to simultaneously 
analyze a large number of proteins (high multiplexity) and also detect low-
abundant targets (high sensitivity) to cover as many potential biomarkers as 
possible. Once the candidate biomarker (signature) is found, the need for 
multiplexity is reduced, which in some cases can open up for other technological 
solutions that might be better suited for implementation in routine clinical 
practice (Fuzery et al., 2013). Requirements on high sample throughput is generally 
increased in the later developmental phases, although as discussed earlier, also 
important in the discovery phase. 

 

2.2.2.1 Mass spectrometry 
Protein biomarker discovery has mainly been pursued in two separate branches, 
mass spectrometry (MS) and affinity assays. In MS, a mass spectrometer is used to 
separate ions based on their mass-to-charge ratio (m/z) and consist of three main 
steps (Aebersold and Mann, 2003). The first step involves ionizing the proteins 
to later enable separation in a magnetic field. Ionization is mainly achieved using 
matrix-assisted laser desorption/ionization (MALDI) (Karas and Hillenkamp, 
1988) or electrospray ionization (ESI) (Fenn et al., 1989), where ESI is commonly 
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preferred for complex samples. The second step is the separation of ions based on 
their charge in a magnetic field in a mass analyzer. Finally, the ions are measured 
in a detector and the signal is correlated to the mass. By including a fragmentation 
step and a second mass analyzer, so called tandem mass spectrometry (MS/MS) is 
achieved that enables amino acid sequencing and more detailed analysis. The most 
widely employed MS approach is called shotgun proteomics. Here, the sample is 
first prepared by digesting the proteins into peptides with the enzyme trypsin and 
separated by liquid chromatography (LC) before MS/MS analysis.   

 

The main advantages of MS are the specificity in identification and quantification 
of proteins (including modifications), and that MS can be performed without 
prior knowledge of the target (Aebersold and Mann, 2003). Drawbacks of MS for 
biomarker discovery has been the limited sensitivity, dynamic range and 
reproducibility when analyzing complex samples such as serum. Low-abundant 
proteins can be difficult to measure as they are masked by more abundant 
proteins. Some of these shortcomings have been addressed by reducing the 
complexity with pre-fractionation of the sample, although this can introduce bias 
and increase the time of the analysis. Targeted strategies has been developed such 
as selected reaction monitoring (SRM) (also called MRM - multiple reaction 
monitoring) (Lange et al., 2008). In SRM, only selected ions are allowed to enter 
the second mass analyzer which enables higher sensitivity. Still, protein 
concentrations below ng/ml are outside the dynamic range and the multiplexity 
is limited (Geyer et al., 2017). Another approach to achieve a wider proteome 
coverage has been developed based on data independent acquisition (DIA), wherein 
the Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS) 
platform has gained most visibility (Anjo et al., 2017; Gillet et al., 2012). 
SWATH does not limit the number of peptides being analyzed, which is why 
quantification is possible over a wider dynamic range compared to shotgun MS. 

 

2.2.2.2 Affinity Proteomics 
The second technology branch for protein discovery is the affinity-based assays, 
the focus in this thesis (Paper I-IV). Originally, these assays were constructed 
using antibodies or antibody fragments and therefore called immunoassays. After 
development of novel types of binders, all assays are now included under the 
broader term affinity proteomics. Affinity-based assays have historically had an 
advantage in sensitivity compared to MS, due to the affinity binder’s ability to 
fish out even low abundant proteins from complex samples. Affinity proteomics 
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and combinations of the both branches will later be discussed in more detail in 
Chapter 4.  

 

2.2.2.3 Assay performance 
A number of characteristics must be optimized in order to achieve a robust 
analytical assay (Figure 2). A fundamental property of an analytical instrument is 
to have a high enough resolution to enable detection of small variations in the 
sample. It should be noted that the term resolution is also used in related contexts 
and can for example mean the depth of proteome coverage in MS or the pixel size 
of a laser scanning. Furthermore, sufficient precision, the closeness of agreement 
between independent test results, must be accomplished within (repeatability) and 
between (reproducibility) runs (ISO 3534-1) (Fuzery et al., 2013). Precision 
needs to be maintained over time and also between different operators and 
laboratories. Another analytical parameter is accuracy, closeness of a measurement 
to the true value (reference value) (ISO 3534-1). In repeated measurements, 
trueness is used as the accuracy of the mean. Determining the accuracy/trueness is 
however often difficult in proteomics as reference values are not existing for all 
analytes. This means that the size of the bias (systematic error) is unknown. 
Although highly desired, the accuracy/trueness can however be less critical 
compared to precision if the aim is to find variations (biomarkers) and not 
determine the true analyte concentration.  

 

In our antibody microarrays, the captured proteins are labeled with a detection 
reagent that generates a signal which is measured in Relative Fluorescence Units 
(RFU) and corresponds to the relative concentration of the analyte. The noise 
level of the measurement provides the lower limit, while the upper limit is reached 
when the detector becomes saturated (Figure 3). In affinity assays, an upper limit 
can also be reached if all binding-sites becomes saturated with target proteins. The 
lower limit is critical when determining the assay sensitivity. The limit of detection 
(LoD) is usually defined as the lowest concentration at which an analyte can 
reliably be detected (Fuzery et al., 2013). LoD is commonly estimated by repeated 
measurements of a blank sample, determining the mean and standard deviation 
(SD), and calculating LoD as the mean of the blank + 2 SD (Armbruster and Pry, 
2008). Being able to reliably distinguish a signal from noise might however not 
be a measurement within the detection range where the analysis meets other 
requirements, such as precision. Therefore, a linear dynamic range should be 
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defined between a limit of quantification (LoQ) and a limit of linearity (LoL) 
where the measurements are performed according to all requirements (Figure 3).  
 

 
 

Figure 2. A robust analytical assay should have high resolution, precision and accuracy. 
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Figure 3. A microarray analysis is limited by the noise level and saturation of either the binder or the 
detector. The limit of detection (LoD) is the lowest concentration that can reliably be detected and the 
linear dynamic range is defined between the limit of quantificaiton (LoQ) and the limit of linearity (LoL). 
 
 

The LoQ is thereby often defined as the functional assay sensitivity. The studies 
in Paper I-III were largely focused on further development of steps in the 
microarray assay that could lead to even better sensitivity. In Paper I, a novel 
detection reagent was evaluated to increase the signal per bound target protein 
and in Paper II-III we tested a method for oriented immobilization of the scFvs 
that could enable increased target capture per spot. 

2.3 Biomarker panels and immunosignatures 

A diagnostic test needs to answer the clinical question with high specificity and 
sensitivity. In this context, specificity refers to the ability to correctly identify 
healthy individuals (true negatives) and sensitivity refers to correctly identifying 
diseased individuals (true positives). However, finding a single biomarker that is 
both specific and sensitive for just one disease is not likely to be found (Brody et 
al., 2010). Using multiplex biomarker panels, the combination of how several 
disease-associated biomarkers change in response to a disease can provide better 
discriminatory power. So far, only one such panel of protein biomarkers, OVA1, 
has received clearance by the U.S. Food and Drug Administration (Borrebaeck, 
2017; Fung, 2010). OVA1 is a blood-based test that measures five proteins and is 
used for assessment of ovarian cancer risk in women. 
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Blood, either as plasma or serum, is a commonly used sample format for biomarker 
discovery studies and is also the focus in our research group. More than 3500 
proteins have been identified in plasma (Farrah et al., 2014), thus providing a rich 
source of potential biomarkers. The blood proteome is dynamic with proteins 
originating from various locations in the body. Among the proteins found in 
blood are signaling molecules of the immune system, such as cytokines, 
chemokines and growth factors, which are highly interesting targets for biomarker 
discovery. As the immune system is constantly screening our bodies for even the 
smallest deviations, it is likely that it will start signaling a response to disease 
already at an early development stage. That the immune system is responding 
during cancer progression has since long been suggested (Burnet, 1957), and the 
need for a tumor to evade the immune system is one of the hallmarks of cancer 
(Hanahan and Weinberg, 2011).  

 

Targeting mainly immunoregulatory proteins, our research group have used 
antibody microarrays to identify differentially expressed blood proteins and 
defined multiplex biomarker panels called immunosignatures. Candidate 
biomarker signatures have been deciphered for different cancers, autoimmune 
disease and pre-eclampsia, including B-cell lymphoma (Pauly et al., 2016; Pauly et 
al., 2014), breast cancer (Skoog et al., 2017; Olsson et al., 2013; Carlsson et al., 
2011a; Carlsson et al., 2008), glioblastoma (Carlsson et al., 2010), H. pylori-
induced gastric adenocarcinoma (Ellmark et al., 2006), pancreatic cancer (Gerdtsson 
et al., 2016; Gerdtsson et al., 2015; Sandstrom et al., 2012; Wingren et al., 2012; 
Ingvarsson et al., 2008), prostate cancer (Nordstrom et al., 2014) and systemic lupus 
erythematosus (SLE) (Delfani et al., 2017; Petersson et al., 2014c; Carlsson et al., 
2011b), systemic sclerosis (Carlsson et al., 2011b) and pre-eclampsia (Centlow et al., 
2011). 
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3. Affinity binders in proteomics 

3.1 Antibodies 

Antibodies, also called immunoglobulins (Ig), were the first binders to be used in 
affinity proteomics and are still today the most widely employed binder in 
research and clinical assays, including the set-ups used in this thesis (Paper I-IV) 
(Yalow and Berson, 1959). They have enabled detailed studies and detection of 
even low abundant proteins in complex samples, something MS have been 
struggling to achieve. The key to the success of antibodies are their natural ability 
to specifically bind targets with high affinity, owing to their modular structure 
that allow generation of affinity towards almost any target.  

 

In our bodies, antibodies have a vital role in both the maintenance of internal 
homeostasis and the defense against external threats such as bacteria and other 
pathogens (Murphy et al., 2007). They are produced by B-cells and either secreted 
in soluble form into the circulation or bound to the membrane as B-cell receptors. 
As part of the adaptive response of the immune system, antibodies constantly 
survey the body in search of foreign molecules, so called antigens. Once a deviating 
structure is found, the antibodies have two main functions to neutralize the 
antigen; antigen binding and recruitment of other actors in the immune system.  

 

The antibody molecule is made up of four separate subunits; two longer heavy 
chains and two shorter light chains, each folded into several discrete domains 
(Figure 4) (Murphy et al., 2007). Together they resemble a Y-shaped form with 
separate parts of the structure corresponding to the two functions. The antigen-
binding parts of the structure are located in the “arms” of the antibody, called the 
antigen binding fragments (Fabs). At the tip of each arm, the variable domains of 
both the heavy (VH) and light (VL) chains form the antigen binding “hands”. 
Particularly important for the antigen binding are six exposed loops called the 
complementarity-determining regions (CDRs) that together form the paratope, 
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which is matching the epitope on the antigen both in terms of structure and 
chemical properties. The CDRs are hypervariable regions of the amino acid 
sequence while the rest of the domain framework forms a scaffold that is relatively 
constant between different antibodies. The variability of the CDRs is created by 
a multistep process in the B-cell, a process that generate enormous diversity and 
lead to the development of antibodies with high specificity and affinity for the 
antigen (Murphy et al., 2007). 

 

Figure 4. Schematic representation of a full-length IgG antibody. 
 

The “legs” of the antibody Y is called the fragment crystallizable (Fc) region and is 
used by the antibody to recruit and activate other components of the immune 
system to aid in the neutralization of a threat. The Fc region is made up of the C-
terminal ends of the heavy chains and depending on which of the five different 
heavy chains (α, γ, δ, ε, and μ) that is used determine the antibody isotype; IgA, 
IgG, IgD, IgE or IgM. In contrast, there are only two types of human light chains, 
lambda (λ) and kappa (κ), which have no known functional difference and can 
both be combined with any of the heavy chain types (Murphy et al., 2007) 
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3.1.1 Antibody production and formats 

The natural ability of B-cells to generate antibodies after antigen stimulation has 
been utilized to produce antibodies for research purposes. By immunizing animals 
with a specific antigen, polyclonal antibodies (pAbs) can be extracted from the 
blood. pAbs are a mixture of different antibodies that potentially target different 
epitopes on the antigen. This can in some settings be an advantage as the antigen 
binding becomes less dependent on a single epitope and performance of a single 
antibody. The use of pAbs is however limited by the obtained amount from one 
extraction and repeated immunizations comes with batch-to-batch variations 
(Hust et al., 2011). Further, there is a risk of cross-reactivity as the extraction can 
contain also less specific or even non-target specific antibodies. Animal use is also 
an obvious drawback. Great progress was made in this area after the introduction 
of the hybridoma technology (Kohler and Milstein, 1975). By fusing a B-cell with 
a myeloma cell and thereby creating an immortalized cell line, monoclonal 
antibodies (mAbs) could now be produced. As all mAbs from one cell line are 
identical, monospecific antibodies are produced in a reproducible and renewable 
manner without the need for repeated animal use. 

 

Advancements in gene technology have further revolutionized how antibodies can 
be designed and produced. Isolation of the genes coding for the antibody allow 
the creation of recombinant antibodies (rAbs) and enables construction of other 
antibody formats beyond the conventional full-size antibody (Borrebaeck and 
Wingren, 2011). Various constructs have been designed over the years, such as 
Fab fragments, single-chain fragments variable (scFv), diabodies (dimeric scFvs), and 
single-domain antibody (sdAb, also called Nanobodies) (Holliger and Hudson, 
2005). Furthermore, rAb genes can be introduced in bacteria, yeast, mammalian 
and other cell lines, which opens up for fast, cost-effective and animal-free 
production in large scale. Diversity of rAbs can be generated by creating either in 
vivo or synthetic antibody libraries (Marks et al., 1991; Lee et al., 2004; Barbas et 
al., 1991). In vivo libraries are created by isolating the variable parts from large 
pools of B-cell derived genes and inserting them in the desired format. Synthetic 
libraries are instead created by modifying the CDRs using for example site-
directed or random mutagenesis. Selection of the best performing antibodies is 
then accomplished using display technologies, such as phage display (McCafferty 
et al., 1990). In phage display, the antibody gene is introduced in a filamentous 
phage, commonly the bacteriophage M13, and fused with one of the coat proteins 
to allow expression on the phage surface. This provides a link between the 
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genotype and phenotype so that the antibody gene from a selected phage can be 
retrieved. 

 

scFv is the format used by our group and in the work presented in this thesis 
(Paper I-IV). They were selected from two recombinant libraries where each 
library had a universal framework and only the CDRs were unique to each 
antibody clone (Sall et al., 2016b; Soderlind et al., 2000). The scFv format was 
chosen due to several reasons, such as the engineering options and the 
compatibility with phage display selection and large-scale animal-free production 
in E. coli. The scFv is smaller (~25 kDa) compared to full-length IgG (~150 kDa) 
and is also expressed from a single gene (VH and VL domains are connected with 
a flexible amino acid linker), which facilitates expression in phages and bacteria.  

 

A common genetic modification of rAbs is the addition of peptide sequences with 
certain functions, so called fusion tags (Malhotra, 2009). The tags are usually fused 
by recombinant DNA technology to the gene in the protein C-terminal. The 
position is chosen for accessibility as well as to avoid disrupting the protein fold 
and interfering with the antigen-binding site, especially as many tags are long and 
bulky (Shen et al., 2005). Most recombinant proteins are fused with an affinity 
tag to enable selection or purification. These tags either have affinity for a ligand 
or act as a binding site for a secondary antibody (Kimple et al., 2013). Some of 
the most frequently used affinity tags (with their amino acid sequence or length) 
are Protein A (280 aa), Poly-histidin/6xHis (6 aa: HHHHHH), GST - 
Glutathione S-transferase (211), FLAG (8 aa: DYKDDDDK), and MBP - 
Maltose Binding Protein (396 aa). The scFv antibodies used in this thesis (Paper 
I-IV) were purified using a C-terminal 6xHis-tag that allows separation with Ni2+ 
in immobilized metal affinity chromatography (IMAC). Some affinity tags and 
other fusion tags can also be used for immobilization or functionalization, which 
will be discussed in Section 3.1.2.1. 

3.1.2 Antibody engineering 

When designing rAbs, a number of engineering options are available to tailor the 
properties of the binders for high performance in the intended application. As 
discussed above, the choice of antibody format is a fundamental step. The format 
must be compatible with the display technology, production host, storage and 
assay conditions to allow selection, production and final use in large scale. Here, 
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the use of rAbs can be advantageous as it allows a single universal framework to 
be selected that is known to be compatible with all the steps mentioned above 
(Borrebaeck and Wingren, 2009). For pAbs and mAbs, this control is not possible 
which results in a range of differently performing antibodies due to the generation 
in different B-cells. As an example, studies have shown that up to 95% of 
commercially available antibodies are not directly functional in microarray assays 
as they were developed for other purposes (Haab et al., 2001; MacBeath, 2002). 
The antibody microarray production and assay involve a number of harsh 
conditions which the antibodies need to withstand and remain functional in, 
including printing and adsorption to the slide surface, dry storage and rewetting 
for final assay. A stable model framework should be selected to begin with but 
further stability enhancement of rAbs can be achieved either by directed evolution 
or rational design (Worn and Pluckthun, 2001). The former uses random 
mutations and can be achieved by error-prone PCR, while the later relies on 
detailed knowledge about the structure to make site-specific mutations. Using 
iterative rounds of mutagenesis and applying a selection pressure (usually elevated 
temperature or denaturing chemicals such as guanidine hydrochloride), more 
stable structures can be selected. 

 

3.1.2.1 Conjugation strategies for immobilization and functionalization 
Beyond affinity tags as previously discussed, there are also other modifications that 
can add new features to the rAb. Such modifications can facilitate the selection 
and purification as well as enable and improve the final assay steps. Sought-after 
engineering solutions often involve means for immobilization or functionalization 
of antibodies. Many immunoassays, including microarrays, rely on 
immobilization of the antibodies to a surface (Hu et al., 2013). In our current 
antibody microarrays, the antibodies are bound to the surface through non-
covalent adsorption which is a simple and common strategy. However, this 
strategy results in random 3D orientation of the antibodies with a risk that a large 
portion of the antibodies become inactive on the surface due to steric obstruction 
of the antigen-binding site. When pushing the limits through miniaturization, the 
number of actively binding antibodies become increasingly important to achieve 
a high sensitivity. By controlling the orientation of immobilized antibodies, up to 
a 200-fold increase in sensitivity has been reported (Cho et al., 2007; Trilling et 
al., 2013b). 
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Some general considerations apply when choosing a suitable immobilization 
strategy for scFv antibodies, the antibody format we use in our microarray 
platform and in Paper I-IV. Care must be taken to avoid interference with the 
antigen-binding site or disruption of the protein fold, as this can lead to reduced 
binding capability. As the scFv format only contain the variable domains, some 
methods for antibody immobilization are not directly applicable. Strategies based 
on oxidized glycochains or reduced inter-molecular disulfide bonds are not 
possible as these features are only present in the constant region (Makaraviciute 
and Ramanaviciene, 2013). Nor are other Fc binding strategies such as Protein A, 
Protein G or Fc-binding mAbs applicable for the same reason (Lu et al., 1996). 

 

A convenient solution would be to use the poly-histidine affinity tag already 
present in the scFv design. Binding of 6xHis-tagged scFvs to surfaces modified 
with nickel-nitriloacetic acid (Ni-NTA) have been demonstrated (Baio et al., 
2011; Lo et al., 2009), however the binding is weak and reversible (Trilling et al., 
2013a). Single and double 6xHis-tags have also been tested for our scFvs for 
binding to Ni-NTA surfaces (Steinhauer et al., 2006; Wingren et al., 2005). 
Although initially promising, the experiments were discontinued due to issues 
with heterogeneous coating of the Ni-NTA surfaces and elevated background 
noise (Wingren et al, unpublished observations). 

 

A novel immobilization procedure based on fusion of scFvs with partial spider silk 
has also been tested in our group (Thatikonda et al., 2016). The stickiness of the 
silk was used to guide the fusion protein to attach with the silk part to the surface 
and thereby orient the scFvs in the opposite direction, which resulted in stronger 
spot signals. Spotting was here performed either manually or by using a dip-pen 
contact printer. It remains to be evaluated if the silk-fusion can be used in non-
contact printing without clogging the thin nozzles and also if the introduction of 
the fusion can be expanded beyond the two clones tested in this study. 

 

Various methods have also been suggested for controlled orientation of antibodies 
via functionalization with a secondary molecule, such as biotin-streptavidin 
systems, heterobifunctional linkers and DNA-directed methods to mention a few 
(Liu and Yu, 2016; Niemeyer et al., 1999; Welch et al., 2017). However, these 
functional molecules first need to be conjugated to the antibody. Conventional 
conjugation strategies often involve chemical crosslinking to reactive functional 
groups such as primary amines or sulfhydryls present on sterically available amino 
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acid side chains or protein terminals (Boutureira and Bernardes, 2015). One such 
strategy was used in Paper IV to first demonstrate the use of oligo-conjugated scFv 
antibodies. There we used the heterobifunctional crosslinker sulfo-SMCC 
containing a N-hydroxysuccinimide (NHS) ester that reacts with primary amines 
on lysines or the N-terminal. The other end of the crosslinker contained a 
maleimidie group that reacts with the thiol-modified oligonucleotide. A drawback 
with conventional conjugation strategies is the lack of control over the 
conjugation instead. Several conjugation sites can be available on the antibody 
and even appear in the antigen-binding site, and the number of sites can differ 
between clones and even be absent in some (Welch et al., 2017). There is 
consequently a risk that the conjugation can give a heterogeneous result and even 
inhibit the antigen-binding, hence similar problems to the issue with direct surface 
adsorption. Preferably, the immobilization should instead be site-specific with 
only a single conjugation site (1:1 molar ratio) per scFv. Such strategies were 
explored in Paper II-IV but I will first mention a couple of other available options.  

 

Säll et al used in vitro biotinylation to couple scFvs to streptavidin-coated beads 
(Sall et al., 2016a). This was achieved by adding a C-terminal biotin acceptor 
domain (BAD), also known as the Avi-tag (Cull and Schatz, 2000), and expressing 
the scFvs in an E. coli strain also co-expressing the biotin ligase BirA. This 
approach could potentially also be used in our antibody microarrays but is avoided 
as the biotin-streptavidin system is already used for sample labeling (Petersson et 
al., 2014d). Another fusion tag that can be used for oriented protein 
immobilization is the tetracysteine (TC) motif (CCXXCC) which has high 
affinity for biarsenical dyes such as FlAsH or CrasH (Griffin et al., 1998; Schulte-
Zweckel et al., 2016). Oriented microarrays TC motifs have been demonstrated 
for other proteins but not yet antibodies (Schulte-Zweckel et al., 2014). Adding 
an engineered glycan moiety to scFvs has been demonstrated for oriented 
immobilization to amine-functionalized beads (Hu et al., 2013). This method 
also requires incorporation of N-glycosylation machinery as it is naturally absent 
in E. coli. Risk of functional loss has however been discussed when using periodate 
oxidation for the conjugation to oligosaccharides (Abraham et al., 1991). 

 

In the next two sections, I will discuss the conjugation strategies used in this thesis. 
They are based on the use of unnatural amino acids (Paper II, Paper III) and the 
enzyme Sortase A (Paper IV). These strategies can be used for immobilization but 
can also be applied in functionalization of rAbs for other purposes, such as DNA-
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conjugation for detection by sequencing as in Paper IV. Generally, the same 
strategies for immobilization as discussed above can be used for functionalization.  

3.1.2.2 Expanding the genetic code of E. coli 
With only two rare exceptions (Ambrogelly et al., 2007), all proteins are created 
from a limited set of 20 natural amino acids. mRNA transcribed from DNA 
carries the genetic instructions on how the protein should be constructed by the 
translation machinery of the cell. Codons, triplets of nucleotides, are recognized 
by corresponding anticodons on tRNAs which carries the encoded amino acid. 
The correct amino acid has previously been loaded to the tRNA by aminoacyl-
tRNA synthetase (aaRS) and the protein is finally assembled in the ribosome 
where tRNAs deliver the amino acids in the order coded by the mRNA. Schultz 
and coworkers used this knowledge to design and incorporate also unnatural 
amino acids (UAAs) into proteins and thereby expanding the genetic code (Noren 
et al., 1989; Wang et al., 2001). UAAs are added to the protein using orthogonal 
tRNA/aaRS pairs (O-tRNAs and O-aaRS), where the O-aaRS loads the UAA to 
the O-tRNA. The anticodon of the O-tRNA is directed towards a stop codon in 
the natural genetic code, commonly the Amber stop codon UAG. In this way, the 
UAA is incorporated at the stop codon where otherwise the translation would be 
terminated (Figure 5) (Chin, 2017).  

 
Figure 5. Unnatural amino acids (UAAs) loaded on orthogonal tRNA (O-tRNA) by orthogonal aminoacyl-
tRNA synthetase (O-aaRS) and incorporated into proteins at the stop codon UAG introduced in the mRNA. 
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UAAs have opened up for a new dimension of protein modifications, including 
means to do site-specific conjugations (Davis and Chin, 2012). Using 
recombinant DNA technology, the UAA can be positioned in the protein at 
choice by introducing the stop codon at the corresponding position in the coding 
sequence, either as a new insertion or a substitution of an existing amino acid. In 
this way, the incorporation can be done with minimal impact on the protein fold 
and the position can be chosen to avoid interference with active sites, such as the 
antigen-binding site of antibodies. 

 

Over 70 different UAAs have been created with a wide range of chemical 
properties (Liu and Schultz, 2010). Among them is the p-benzoyl-L-
phenylalanine (pBpa), a chemically stable UAA that upon exposure to near-UV 
light can be used for photocrosslinking (Chin et al., 2002). When excited by 
wavelengths around 350-365 nm, a radical is formed that reacts with carbon-
hydrogen bonds (C—H) in its proximity and forms a covalent bond (Chin and 
Schultz, 2002). If no such C-H bond is available, the exited state readily relaxes 
after terminated exposure. pBpa has for example been used to map proteins 
interactions (Forne et al., 2012) and for site-specific conjugation of Fc binding Z 
domains to full-length IgG (Perols and Karlstrom, 2014) 

 

In Paper II and Paper III, we explored the incorporation of pBpa in scFvs and 
application of the method Dock’n’Flash for site-specific, 1:1 and covalent 
conjugation. Dock’n’Flash is based on the interaction between pBpa and the 
seven-membered sugar ring beta-cyclodextrin (β-CD) and subsequent 
photocrosslinking (Jensen et al., 2010). The sidechain of pBpa is attracted to the 
center of the β-CD ring (the “docking”) and binds to C-H bonds upon near-UV 
irradiation (the “flash”). The wavelengths used are not protein damaging (Chin 
and Schultz, 2002), why the photocrosslinking is a simple and biocompatible 
method. In the Paper II-III, we show that the amber stop codon could be 
introduced at several positions in several different scFv clones and that plasmids 
for mutated scFvs and O-tRNA/O-aaRS pair could be co-transformed and 
expressed in E. coli. Further, using this approach we could demonstrate 
conjugation of purified pBpa-scFvs to β-CD coated slides for an oriented 
immobilization. In addition, conjugation to β-CD in solution was also shown, 
which could be used for scFv functionalization via modified  -CD.  
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3.1.2.3 Conjugation using Sortase A 
Sortases are cysteine transpeptidase enzymes that primarily gram-positive bacteria 
use to covalently attach proteins to their cell wall and to assemble pili (Jacobitz et 
al., 2017). They specifically recognize the sorting motif LPXTG, where X can be 
any amino acid, which is cleaved after the threonine and catalyze the formation 
of a new covalent amide bond to N-terminal oligoglycines on a secondary protein 
(Chen et al., 2016). This motif-specific conjugation has been applied in research 
where especially Sortase A (SrtA) from S. aureus has been widely adopted for site-
specific protein engineering. SrtA has been used in for example surface 
immobilization of unstable membrane proteins (Ito et al., 2010), 
functionalization of Affibody molecules with peptide nucleic acid (PNA) probes 
(Westerlund et al., 2015) and generate antibody-drug conjugates (Beerli et al., 
2015). 

 

In Paper IV we used SrtA to site-specifically and covalently conjugate scFvs with 
oligonucleotide sequences at 1:1 molar ratio. The SrtA recognition motif LPETG 
was introduced as a fusion tag prior to the C-terminal 6xHis tag of the scFvs. SrtA 
was then used to mediate the conjugation of oligos with a tri-glycine (GGG) 
modification in the 5’-end (Figure 6). This conjugation enabled the proof-of-
concept demonstration of the Multiplex Immuno-Assay in Solution (MIAS) 
platform, further explained in Section 4.3.1. 
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Figure 6. Sortase A (SrtA) mediated conjugation of scFv with the Sortase recognition motif LPETG to an 
tri-glycine (GGG) modified oligonucleotide. 

3.2 Alternative affinity binders 

Antibodies have been studied for over a century and the conventional full-length 
antibodies are still the most commonly used affinity binders in research and used 
for various applications (Greenspan, 2017; Helma et al., 2015). However, just as 
rAbs were developed in response to a demand for binders with enhanced quality, 
modular possibilities and animal-independent production; several affinity binders 
based on other molecular scaffolds have also been developed. I will briefly mention 
some available alternative affinity binders that are not derived from the antibody 
molecule. Alternative binders generally possess similar advantages in terms of the 
ability to tailor compatibility and function for high performance in the intended 
use, as previously discussed for rAbs. 
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Affibodies are small affinity proteins developed from the immunoglobulin binding 
Z domain of Protein A from Staphylococcus aureus (Nord et al., 1997). Consisting 
of only three helices in a single domain, the affibodies are small with a size of only 
around 7 kDa, compared to 150 kDa of IgG and 25 kDa for scFvs (Frejd and 
Kim, 2017). By randomizing amino acids on two of the helices, libraries with 
more than 1010 clones can be created from where affibodies with high specificity 
and affinity can be selected (Feldwisch and Tolmachev, 2012). Affibodies have 
also been shown to be compatible with application in microarrays (Renberg et al., 
2007; Renberg et al., 2005). Another group of natural binding proteins are repeat 
proteins, such as the ankyrin repeat proteins from which Designed ankyrin repeat 
proteins (DARPins) have been developed (Bork, 1993; Forrer et al., 2003). 
DARPins are assembled as tandem arrays with two to four repeated motifs 
forming a binding site which is flanked by terminal capping repeats, with a size of 
around 15-18 kDa (Pluckthun, 2015). Further, also non-protein scaffolds have 
been constructed for affinity binding. Aptamers are short, single-stranded DNA 
or RNA oligonucleotides with the ability to fold into complex and stable 
structures (Ellington and Szostak, 1990; Robertson and Joyce, 1990; Tuerk and 
Gold, 1990). The size of aptamers can vary from around the size of scFvs down 
to only a handful of kilodaltons. In addition, aptamers are chemically synthesized 
which circumvent the need for a production host (Dunn et al., 2017). Advantages 
of aptamers include their small size, ease of production, flexibility and stability, 
while a challenge is the limited chemical diversity of nucleotides compared to 
amino acids (Groff et al., 2015). These are only a few examples from the plethora 
of novel affinity binders that has been developed (Helma et al., 2015; Yu et al., 
2017). 

 3.3 Validation of affinity binders 

 

To conclude this chapter, a large number of various antibody formats and also 
alternative affinity binders are available that can be used for proteomic studies. 
Independent of the choice of binder, an important aspect is to validate the 
specificity and function of the binders in the final application. As previously 
discussed, many “off-the-shelf” antibodies are not developed for microarray and 
lose their activity on the slide (MacBeath, 2002; Haab et al., 2001). A study within 
the Human Protein Atlas (HPA) showed that out of 5436 commercially available 
pAbs and mAbs, only 49% could be validated in Western blotting and 
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Immunohistochemistry (IHC) on tissue microarrays (Berglund et al., 2008). This 
highlights the fact that the function of an antibody is context dependent. The 
International Working Group for Antibody Validation (IWGAV) recently proposed 
five “pillars” for validating antibodies in order to generate high quality and 
consistent data; i) genetic strategies (such as use of samples with target 
knockdown), ii) orthogonal strategies, iii) independent antibody strategies, iv) 
expression of tagged proteins (for parallel detection), and v) immunocapture 
followed by mass spectrometry (Uhlen et al., 2016). 

 

In comparison to antibodies from immunized animals, recombinant binders have 
some advantage in terms of batch-to-batch reproducibility and options for 
application-tailored performance. Binders selected for high affinity and specificity 
in solution does however not guarantee retained function in another context, such 
as immobilized in microarrays. The scFvs used by our group and the studies 
presented in this thesis (Paper I-IV) have nevertheless shown to perform well in 
antibody microarrays. Stringent phage-display selection promotes a high 
specificity (Sall et al., 2016b; Soderlind et al., 2000) and several clones have also 
been validated using samples with known target concentrations, spiked or 
depleted samples, and multiple clones for the same target, as well as orthogonal 
methods such as MS, ELISA, Meso Scale Discovery (MSD) and cytometric bead 
assay (Wingren et al., 2007; Pauly et al., 2013; Kristensson et al., 2012; Ingvarsson 
et al., 2008; Ingvarsson et al., 2007; Dexlin-Mellby et al., 2010; Carlsson et al., 
2011b). After modifications such as the ones applied in Paper II-IV, the 
validation has to be repeated to ensure retained specificity. 
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4. Affinity proteomics 

4.1 Antibody-based technologies 

As described in the previous chapters, proteomics has historically been pursued in 
two main technology branches; mass spectrometry and affinity-based assays. In 
this chapter, I will focus on the later and especially on antibody-based 
technologies, also known as immuno-assays, and their application in biomarker 
discovery as this is the technology used in Paper I-IV. As discussed in Chapter 2, 
successful protein biomarker discovery in blood samples will require the 
identification of multiplex biomarker panels, such as the immunosignatures 
defined by our group. This requires a technology platform with high multiplexity 
to study many proteins in parallel, high sensitivity to also target highly interesting 
low-abundant targets and high sample throughput to allow rapid generation of 
large amount of data for a statistically powerful analysis (Fuzery et al., 2013). 
Fundamental demands on the assay performance are to allow analysis at high 
resolution and precision over a wide linear dynamic range, preferably as accurate 
as possible. These requirements limit the number of available platforms and 
motivates further technological development, which is the focus in the work 
presented in this thesis (Paper I-IV).  

 

One of the key advantages of immunoassays compared to MS has been the high 
sensitivity. The high affinity of antibodies has for over 50 years been used in 
Enzyme-linked immunosorbent assays (ELISAs) which has become a standard 
method in research and also implemented as a clinical routine assay (Tighe et al., 
2015). A standard ELISA is however not suitable for multiplex detection, which 
also applies to other low-plex ultrasensitive assays such as SMC (Singulex Erenna) 
(Todd et al., 2007), Immuno-PCR (Niemeyer et al., 2007)  and Digital ELISA 
(Simoa) (Rissin et al., 2010). Instead, a number of different methods have been 
developed for simultaneous analysis of large number of proteins to enable 
biomarker discovery. They can be divided in two main groups, planar protein 
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microarrays (used in Paper I-III) and solution-based platforms (Paper IV), which 
will be discussed in Section 4.2 and 4.3. 

 

Technologies that combine the both branches of proteomics (MS and affinity 
assays) have also been developed. Hybrid technologies utilize the sensitivity of 
affinity assays to circumvent the sample complexity and confirm the identity of 
the captured protein in subsequent MS analysis (Weiss et al., 2014). Different 
approaches have been suggested such as the Mass Spectrometric ImmunoAssays 
(MSIA) (Nelson et al., 1995) and Stable Isotope Standards and Capture by Anti-
Peptide Antibodies (SISCAPA) (Anderson et al., 2004). Work within our 
department have resulted in two hybrid technologies, the AFFIRM (AFFInity 
sRM) (Sall et al., 2014) and the Global Proteome Survey (GPS) (Sall et al., 2016a; 
Olsson et al., 2011; Olsson et al., 2012; Olsson et al., 2013). AFFIRM use scFvs 
coupled to magnetic beads for targeted protein enrichment followed by SRM-MS. 
The GPS platform is instead developed for global proteome discovery and use 
Context Independent Motif Specific (CIMS) scFvs to target short amino acid 
sequences generated by enzymatic digestion of the sample and subsequent LC-
MS-MS detection. As the same motif will be generated in peptides from many 
different proteins, only 100 CIMS scFvs could in theory cover almost 50% of the 
nonredundant human proteome and thereby reduce the need for developing large 
amounts of binders (Sall et al., 2016a). A similar motif-approach is Triple X 
Proteomics (TXP) which instead is based on enrichment by pAbs (Poetz et al., 
2009).  

4.2 Planar protein microarrays 

The history of microarrays dates back to the late 80s when Ekins and colleagues 
first described the use of “microspots” of antibodies for multiplex protein analysis 
(Ekins, 1989). The microarray concept was then adopted and for many years 
largely driven by the studies of the human genome and the development of DNA 
microarrays (Angenendt, 2005). However, after realizing that genomic studies 
would not answer all clinical question, a growing interest for protein microarrays 
was sparked. Knowledge gained from development of DNA microarrays were 
inherited and transformed into the early protein microarrays, including 
instrumentation, detection reagents and bioinformatics (Haab et al., 2001; Hall 
et al., 2007; MacBeath and Schreiber, 2000; Tyers and Mann, 2003). 
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Antibody microarrays can be created as forward arrays by spotting and 
immobilizing a capture antibody on a planar solid surface using a high-precision 
robotic printer (MacBeath and Schreiber, 2000; Sanchez-Carbayo, 2011; 
Wingren and Borrebaeck, 2006). This allows utilization of the antibody’s ability 
to specifically fish out the target from a complex sample and non-specific content 
can be removed by washing. Forward arrays can also be constructed with sandwich 
antibody pairs, where a second detection antibody directed towards the same 
target is used. Sandwich arrays promotes the specificity of the detection, but are 
more complicated to implement for multiplex analysis as development of high-
performing antibody pairs is needed. Detection is either achieved by direct 
labeling of the target or using a second labeled detection antibody directed 
towards a sample tag. The amount of bound target is finally quantified, commonly 
using a laser scanner. The antibody microarrays develop by our group are forward 
arrays and technological development presented in the papers of this thesis  
(Paper I-IV) is mainly focused on the immobilization and detection steps. There 
are also reverse phase protein arrays (RPPA) where instead a minute amount of 
sample is spotted on the surface after which the antibodies are added (Sanchez-
Carbayo, 2011). 

 

Antibody microarrays have been developed based on various antibody formats and 
in numerous assay set-ups and have become an established method for proteomic 
studies (Borrebaeck and Wingren, 2011; Borrebaeck and Wingren, 2014; Haab, 
2006; Sanchez-Carbayo, 2011). In the following section, I will provide an 
overview of the current antibody microarray platform used in our group and 
which we in Paper I-III tried to further develop in terms of antibody 
immobilization and target detection. 

4.2.1 Our current antibody microarray platform  

The in-house designed recombinant antibody microarray platform used in Paper 
I-III has since the introduction in the early 2000s developed into a state-of-the-
art analytical platform for large-scale protein expression profiling (Delfani et al., 
2016; Steinhauer et al., 2002). Several of the key technological parameters have 
been optimized and the current version includes over 350 unique scFvs printed 
in high-density microarrays (Borrebaeck and Wingren, 2009; Delfani et al., 
2016). As specified in Section 2.3, the platform has been used to define numerous 
candidate biomarker signatures in various cancers and autoimmune disease. In 
parallel with continued academic research and development, some of the 
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promising results are currently under validation for clinical implementation by 
the company Immunovia AB (www.immunovia.com). 

 

A conceptual overview of the microarray platform is presented in Figure 7. scFvs 
selected from large in-house recombinant antibody libraries are produced in E. 
coli and purified using a C-terminal 6xHis affinity tag (Sall et al., 2016b; 
Soderlind et al., 2000). Purified scFvs are diluted to suitable on-chip 
concentrations and printed onto planar Black Polymer MaxiSorp microarray 
slides using a Scienion SciFlexarrayer S11 non-contact printer. The printer 
generates droplets with a volume of around 330 pl each and arrange them in a 
predefined array of spots on the slide. A single droplet creates a spot with a 
diameter of around 140 µm. Fourteen identical subarrays, each containing all the 
specificities in at least triplicates, are printed on the same slide which enables 
parallel analysis of separate samples in each subarray. In addition to the scFv spots, 
each subarray also contains biotinylated BSA spots as positive controls and PBS 
spots as negative controls. After printing, the spots are allowed to dry and the slide 
is stored in controlled conditions until use. 

 

In the current set-up, the printed scFvs are immobilized to the slide surface by 
random non-covalent adsorption. This might have the effect that some of the 
scFvs are adsorbed with the binding-sites unavailable for the target. If instead the 
scFvs were immobilized in a oriented fashion,  antibody activity could be increased 
which in turn could lead to improved assay sensitivity (Cho et al., 2007; 
Steinhauer et al., 2002; Welch et al., 2017). This was one of the reasons that 
motivated the studies in Paper II and Paper III where the Dock’n’Flash method 
was used to photocrosslink scFvs equipped with the unnatural amino acid pBpa 
to slides coated with the ligand β-cyclodextrin.  

 

For future studies, the Sortase A mediated site-specific conjugation strategy 
applied in Paper IV could in theory also be used for scFv orientation to a surface 
with a coating containing available glycines. Furthermore, scFvs functionalized 
with single-stranded oligonucleotides either by Sortase or Dock’n’Flash could also 
open up for orientation to slides coated with complementary oligonucleotides. 
DNA-directed immobilization (DDI) strategies have previously been suggested 
but have been impaired by the lack of site-directed conjugation strategies 
(Niemeyer et al., 1999). 
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Figure 7. Conceptual overview of our recombinant antibody microarray platform. 

 

A microarray assay is initiated by creating separate reaction wells for each subarray, 
in our case using a slide holder and a gasket. Naked slide surface is first blocked 
using a milk protein solution to minimize non-specific background binding. After 
washing away excess blocking solution, a biotinylated and diluted serum sample 
is added and incubated to allow target capture by the scFvs. The subarrays are 
then washed before addition of Alexa647-labelled streptavidin (SA-Alexa) for 
fluorescent detection. After final wash, the slide is dried before immediate imaging 
in a laser scanner.  

 

The detection step was the focus of Paper I where a novel fluorophore-packed 
nanoparticle entitled Phosphor-Integrated Dot (PID) was for the first time used 
in an antibody microarray application as a detection reagent. The hypothesis was 
that a simple replacement of SA-Alexa with PID would generate stronger 
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fluorescent signals from the bound targets. This could potentially raise signals 
from low-abundant proteins above the noise level to allow or improve the 
detection. Indeed, stronger signals were in general detected from the arrays with 
PID but they were accompanied with increased and heterogeneous background. 
The background issues could partly be reduced by optimization, but further 
optimization would be required for the implementation of PID. As this type of 
PID were around 30 times larger compared to the scFvs, smaller sized 
nanoparticles would also be interesting to evaluate. Smaller sized nanoparticles 
would to lesser extent block the target binding of adjacent scFvs.  

 

After scanning, the signals from the spots are quantified and the background 
subtracted. The data is pre-processed and normalized to avoid bias by different 
days of analysis or array-to-array variation. The data is analyzed by machine 
learning algorithms and the out-put is a protein expression profile. By comparing 
the profiles from large amount of samples, differentially expressed proteins can be 
condensed to an immunosignature that best discriminates between different 
sample cohorts. 

4.3 Solution-based platforms 

In parallel to planar microarrays, multiplex platforms based on microbeads have 
also been developed where the analysis is carried out in solution. Common 
solution-based assays are the suspension bead arrays where affinity binders are 
immobilized on the beads and allowed to incubate with a sample followed by 
quantification of the captured targets (Schwenk and Nilsson, 2011; Schwenk et 
al., 2008). Multiplex analysis of a sample can be performed by first coating sets of 
beads with binders of only one specificity per set. Quantification is the commonly 
made using flow cytometry where both the bead and the labeled target is detected. 
The quantified signal and target identity is connected by using a unique bead-set 
per binder specificity, similar to how the known position of a spot connects the 
signal to the identity in planar microarrays. Unique beads can be created using 
either different sized beads or beads filled with different fluorescent dyes. The 
multiplexity of suspension arrays is thereby limited by the number of unique 
beads. However, by mixing different ratios of several fluorescent dyes inside the 
beads, spectrally unique beads can be created that today allow up to 500-plex 
analysis (Fulton et al., 1997; Schwenk and Nilsson, 2011). 
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The use of in-solution assays can solve some bottlenecks of planar microarrays 
when it comes to increasing the multiplexity towards global serum protein 
profiling. No high-precision printing robot is needed as the spotting step is 
circumvented which also makes the assay more flexible and scalable. For planar 
arrays, increased number of spots would also result in a larger array footprint that 
could limit the sample throughput. Reducing the spots size is possible but difficult 
and not yet compatible with higher multiplexity (Petersson et al., 2014a; 
Petersson et al., 2014b; Petersson et al., 2014c). The microarray slides must also 
be carefully handled as they are sensitive to dust and scratches. The natural 
environment for affinity binders is also in a solution, why the dried state on slides 
can be detrimental for many binders. Although our recombinant scFvs are 
optimized to withstand this handling, they might perform even better in solution. 
To take advantage of the opportunities with solution-based assay, in Paper IV we 
developed the novel platform Multiplex Immuno-Assay in solution (MIAS) which 
is further explained in the next section.  

4.3.1 Multiplex Immuno-Assay in Solution  

Our current planar antibody microarray technology provides a state-of-the-art 
protein expression profiling platform with capacity to simultaneous analyze the 
response from over 350 scFvs. Although the current platform already has delivered 
several candidate biomarker signatures for various diseases, there might still be 
many serum proteins not covered by the discovery platform that potentially could 
contribute to even better signatures. A large increase in multiplexity would 
however be challenging to practically handle with planar microarrays. Switching 
to a solutions-based assay can have some advantages when aiming for global serum 
profiling, as discussed in the section above.  

 

In Paper IV we developed the novel platform Multiplex Immuno-Assay in 
solution (MIAS) which was designed for large-scale protein expression profiling. 
The MIAS concept uses streptavidin-coated magnetic beads to immobilize and 
display biotinylated proteins of a sample followed by target quantification using 
barcoded scFvs and massive parallel sequencing by NGS (Figure 8). 

Key to the MIAS concept is the site-specific 1:1 functionalization of scFvs with 
oligonucleotides, mediated by Sortase A as described in Section 3.1.2.3. Using 
antibody engineering, the SrtA recognition motif LPETG was introduced in scFvs 
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clones which enabled site-specific conjugation to tri-glycine modified 
oligonucleotides at 1:1 ratio. This in turn enabled highly sensitive quantification 
using NGS which provides a direct digital read-out.  

 
 

 
Figure 8. Overview of the Multiplex Immuno-Assay in solution (MIAS) concept. 
 

 

The oligonucleotides were designed to include different parts to allow 
identification and quantification (Figure 9). A 6 bp barcode sequence represent 
the specificity of the scFv and an 8 bp random sequence makes each barcode 
unique to allow quantification. The oligonucleotides also contain two separate 
adaptor sequences that allow addition of two primers by adaptor PCR. A specific 
index primer is added to all barcodes from the same sample to connect the 
quantified target to the right sample. Finally, a universal primer (Primer 1) is 
added in the 5’ end to signal where the sequencing should start in the NGS. As 
all the information is acquired in this way, coded beads are not needed and thereby 
the multiplexity is not limited by the availability of unique beads. The 
multiplexity is determined by the possible combinations in the barcode and is 
dramatically increased per extended nucleotide if needed.  
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Figure 9.  Oligonucleotide design for quantification in the MIAS platform.  

 

Proof-of-concept for MIAS was demonstrated in four major steps. Firstly, the 
immobilization of sample proteins to the magnetic beads was optimized. 
Secondly, the assay steps including NGS detection of scFv-oligos was verified 
using standard SMCC conjugation and thiol-modified oligos. Thirdly, three scFv 
clones modified with the LPETG motif were generated and conjugated to oligos 
using SrtA. Finally, the complete assay was run with oligos site-specifically 
conjugated to the scFv-LPETG mutants and successfully detected by NGS. The 
proof-of-concept encourage further development of the MIAS platform in future 
studies. 

 

One of the strengths of MIAS is the use of scFvs. As it is a recombinant antibody 
format, the use of scFvs enables engineering options and the animal-free 
production in bacteria provide a renewable source of tailor-made binders with 
high affinity. scFvs also allow the covalent site-specific 1:1 conjugation to oligos. 
Altogether, this makes MIAS a unique platform compared to other methods such 
as ProteinSeq which are based on pAbs and conventional conjugation strategies 
(Darmanis et al., 2011). 
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5. Concluding remarks 

In 2005, a couple of years after the sequencing of the human genome was 
completed, Baak and colleagues described the level of complexity of proteomics 
compared to genomics (Baak et al., 2005): 

“…we could say that we now have the letters (the sequence) and have thus 
far found a few sentences (genes that we know of), but we have only merely 
begun reading the chapter contents (how genes may be transcribed), while 
the books (the proteins and the metabolites) will keep human mankind 
reading for many centuries to come.” 

The complexity of the proteome owes to the vast number of proteoforms that 
each coding gene can give rise to, its dynamic nature and the large variation in 
chemical properties that allow formation of intricate structures and interactions, 
as discussed in Chapter 2. Although this makes the proteome challenging to 
study, we have already begun to see the possibilities that proteomics can provide 
for understanding the molecular processes behind human diseases. Proteomic 
research, such as the work conducted within our group, have resulted in candidate 
biomarker signatures that can provide invaluable information to improved disease 
treatment. Precise diagnostic, prognostic and predicative biomarkers are the first 
steps towards implementation of precision medicine. So far, there has however 
been a very limited transfer of research findings into clinical implementation 
which points out the need for continued and improved research and development. 

 

The work within this thesis revolves around engineering of affinity-binders 
(Chapter 3) and technological development within affinity-based proteomics 
(Chapter 4). In four original papers, we have focused on improving current planar 
antibody microarray platform by a novel detection reagent (Paper I) and oriented 
immobilization of the scFvs (Paper II-III) and also demonstrated proof-of-
concept for the novel MIAS platform (Paper IV). The ultimate goal was to 
facilitate large-scale protein expression profiling of blood samples to decipher 
disease-associated biomarker panels. 
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Paper I was focused on the employed detection reagent in pursuit of increased 
sensitivity of the microarray assay. PID, a novel fluorophore-packed nanoparticle, 
was for the first time used in antibody microarrays and replaced the Alexa-647 
used in the current set-up. We showed that it was possible to use PID in the 
microarray assay and that the resulting signals were stronger compared to Alexa-
647. However, PID gave increased and heterogeneous background that, although 
it could partly be reduced, will require further optimization. 

 

Paper I-II aimed to find means for site-specific conjugation of our scFvs to enable 
oriented immobilization or functionalization. To achieve this, the Dock’n’Flash 
method was for the first time used for antibodies where the incorporation of the 
unnatural amino acid pBpa in scFvs allowed photocrosslinking to a novel slide 
coated with the ligand β-cyclodextrin. Proof-of-concept was shown in Paper I 
where a first pBpa mutant scFv was generated and conjugated to β-cyclodextrin 
coated on a slide and also in solution. The promising results were followed up in 
Paper II where pBpa incorporation was expanded to in total 4 different scFv 
clones and 13 different positions. The position T7 in the affinity tag was chosen 
as the preferred site for pBpa. Taken together, the conclusion from both studies 
is that site-specific conjugation is possible via Dock’n’Flash. This opens up for 
future studies to evaluate if the oriented scFvs indeed provide increased sensitivity 
and performance compared to random adsorption. An interesting future study 
would be to combine oriented immobilization from Paper II-III with an 
optimized version of PID nanoparticles from Paper I as detection reagent. 
Together, they might produce far better signal-to-noise ratios and increase the 
sensitivity to enable better measurements of also very low-abundant targets. In 
addition, further studies can investigate scFv functionalization using modified β-
cyclodextrin. 

 

Besides oriented immobilization of scFvs, Dock’n’Flash was also used both in 
Paper I and Paper II for covalent conjugation to β-cyclodextrin in solution. This 
could pave the way for site-directed functionalization of recombinant proteins via 
β-cyclodextrin. The use of unnatural amino acids provides a rather unique 
possibility for site-directed conjugation as they in many cases involve substitution 
of only a single amino acid. This reduces the risk of significant interference with 
the delicate protein fold and provides more freedom to position the conjugation 
site. Many other strategies involve addition of multiresidue fusion tags which 
usually restrict the positioning to the protein terminals. However, a remaining 
obstacle for efficient functionalization using Dock’n’Flash is the conjugation 
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yield. Judging from MALDI-TOF results in both Paper I and Paper II, only 
moderate yields were achieved. Pure conjugated product can be a requirement 
depending on the application. This could be solved by purification, although it 
can be challenging and adds an additional step. 

 

In Paper IV we sought to overcome some inherent limitations with planar 
microarrays by developing the solution-based MIAS platform. In MIAS, 
biotinylated samples are displayed on magnetic beads and target proteins are 
subsequently quantified using DNA-barcoded scFvs and massive parallel 
sequencing by NGS. This abandon the need for printing, the assay is not limited 
by slide surface and the scFvs are kept in solution. This allow for even higher 
multiplexity which will be needed when aiming for global serum profiling and at 
the same time allow high sensitivity and high sample throughput. Key to the 
MIAS platform was the scFv-oligo conjugates that was covalently and site-
specifically generated using Sortase A at 1:1 ratio. Proof-of-concept was 
demonstrated using three Sortase-conjugated scFv-oligos which all could be 
detected and quantified using NGS. 

 

The results in Paper IV encourage future studies and much work remains to 
achieve a robust platform. For comparison, the microarray platform has matured 
over many years of refinement. Knowledge gained from the in-house development 
combined with general progress in the field can however be transferred into the 
MIAS platform to speed up the development. Each assay step can likely be further 
optimized, including the Sortase-mediated conjugation where for example other 
enzyme variants and different reaction conditions can be evaluated. In the end, 
assay performance needs to be demonstrated in terms of analytical parameters as 
discussed in Chapter 2. 

 

After modifications of the scFvs, such as the conjugations in Paper II-IV, the 
antibodies also need to be revalidated as discussed in Section 3.3. Modifying a 
protein and conjugation always come with a risk of affecting the fold and stability 
of the protein. In the case of antibodies, this can lead to loss of target affinity or 
cause unspecific binding. In Paper II-III, a first validation confirmed that the on-
chip activity and affinity of the pBpa mutant scFvs were retained compared to the 
wild-type. 
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In summary, proteomics has the potential to revolutionize our understanding of 
human biology and provide efficient tools to enable precision medicine. Affinity 
proteomics is one such tool that can be used to overcome the complexity of the 
proteome and decipher its valuable information. I hope that the work presented 
in this thesis will contribute to the technological development needed to further 
identify the pieces of the large proteome puzzle. 
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Populärvetenskaplig 
sammanfattning 

Vår kunskap om livets minsta beståndsdelar blir allt mer detaljerad och därmed 
kan vi bättre förstå bakomliggande orsaker som på molekylär nivå påverkar vår 
hälsa. Avgörande steg för den moderna molekylärbiologiska forskningen togs i och 
med insikten om att DNA-molekylens komponenter och uppbyggnad kan lagra 
information som sedan kan överföras till RNA och översättas till proteiner. 
Fortsatt forskning har lett fram till 2000-talets kartläggning av människans 
fullständiga DNA-uppsättning, även kallat sekvenseringen av det mänskliga  
genomet. Studier av mutationer i en människas genom har sedan kunnat kopplas 
till sjukdomar så som cancer. Forskningen har dock också konstaterat att en 
förändring i vårt genom som skulle kunna orsaka sjukdom inte nödvändigtvis 
alltid kommer till uttryck. Detta kan exempelvis förklaras av att alla gener i vårt 
genom inte är ständigt aktiva och då i stunden inte bidrar till uppsättningen av 
våra proteiner, det så kallade proteomet. Den insikten har lett fram till ett ökat 
intresse för att mäta och förstå de proteiner som vid ett givet tillfälle faktiskt är 
närvarande, en disciplin inom forskningen som fått namnet proteomik. 

 

Vår forskargrupp är fokuserad på att utveckla proteomisk teknik som möjliggör 
bättre studier av proteiner och att med hjälp av den tekniken hitta de proteiner 
som förändras när vi blir sjuka. Sådana proteiner kallas för sjukdomsspecifika 
biomarkörer. Förhoppningen är att hitta biomarkörer som exempelvis kan leda till 
tidigt upptäckt av en växande cancertumör långt innan symptom visar sig. Tidig 
upptäckt är i många fall avgörande för en lyckad behandling och cancern kan 
stoppas innan den vuxit sig stor och börjat sprida sig vidare i kroppen. 
Biomarkörer spås bli viktiga för utvecklingen av mer precis och personanpassad 
behandling av sjukdomar. De skulle kunna bidra till att fastställa en mer noggrann 
diagnos, förutse patientens prognos och föreslå bästa behandling samt följa upp 
hur patienten svarar på vald behandling. Allt detta skräddarsytt utifrån patientens 
unika förutsättningar. 
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Tekniken vi arbetar med kallas för antibody microarrays (antikropps-
mikromatriser) och baserar sig på antikroppars särskilda förmåga att fånga in 
utvalda proteiner. I vår kropp har antikropparna en viktig funktion i vårt 
immunförsvar där de används för att möjliggöra upptäckt och eliminering av 
främmande objekt. Till våra mikromatriser har vi tagit fram hundratals 
specialdesignade antikroppar, så kallade single-chain fragment variable (scFv) 
antikroppar, som var för sig fångar in ett särskilt protein. Mikroskopiska droppar 
(omkring 300 pikoliter) med dessa antikroppar placeras i ett ordnat mönster 
(mikromatris) på en plastyta med hjälp av en precisionsrobot. Därefter tillsätts 
prov varifrån antikropparna fångar in sina respektive proteiner och övriga 
proteiner som inte bundit tvättas sedan bort. Alla proteiner i provet är på förhand 
märkta vilket gör det möjligt att mäta antalet proteiner som fångats in av 
antikropparna med hjälp med en fluorescerande molekyl och en laserscanner. 
Sjukdomsspecifika biomarkörer kan då hittas genom att identifiera de proteiner 
vars nivåer skiljer mellan prover från friska personer och patienter med en viss 
sjukdom. 

 

Vi har valt att studera proteiner som finns i vårt blod. Blodprover är lätta att ta 
utan komplicerade ingrepp och de innehåller också ett stort antal intressanta 
proteiner. Antikroppar har särskilt tagits fram för att fånga in proteiner som 
reglerar vårt immunförsvar. Eftersom immunförsvaret ständigt övervakar och 
reagerar på minsta förändring i vår kropp tror vi att det här går att hitta 
biomarkörer som indikerar avvikelser redan tidigt i ett sjukdomsförlopp. För att 
ytterligare stärka tillförlitligheten att dessa biomarkörer verkligen är kopplade till 
en viss sjukdom använder vi oss av den kombinerade information från hur flera 
proteiner varierar, så kallade biomarkörs-signaturer.  

 

Min avhandling består av fyra artiklar där vi på olika sätt har arbetat med 
vidareutveckling av tekniker för att möjliggöra ännu bättre analys av proteiner i 
blodet. Även om antibody microarrays redan är en mycket användbar teknik har 
den i dagens utförande några tekniska egenskaper och även en del arbetskrävande 
delsteg som begränsar möjligheten att ytterligare utöka antalet antikroppar. 

 

I den första artikeln (Paper I) testar vi en ny typ av märknings-reagens till våra 
microarrayer där ett stort antal fluorescerande molekyler packats samman i en 
nanopartikel. Syftet var att höja signalen från varje bundet protein och därmed på 
ett enkelt sätt åstadkomma en känsligare detektion. 
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I den andra och tredje artikeln (Paper II-III) utforskar vi möjligheten att höja 
känsligheten genom att styra hur antikroppar fäster till ytan och på så sätt göra en 
större andel av antikropparna till aktiva proteinbindare. Istället för att som i 
dagens microarrays låta antikropparna slumpvis fästa till ytan och riskera att några 
fäster med den proteinbindanden delen otillgänglig för provet, så ville vi här rikta 
varje antikropp rättvänd. Detta testas med hjälp av en metod kallad Dock’n’Flash 
där den onaturliga aminosyran pBpa introduceras i antikroppen på motsatt sida 
av den proteinbindande delen. pBpa binder söker sedan upp en motpart kallad β-
cyclodextrin som vi täckt ytan med och genom att lysa med ultraviolett ljus av en 
viss våglängd så kopplas de båda parterna samman. Att kopplingen görs på en 
kontrollerad plats i antikroppens struktur och enbart där gör att Dock’n’Flash 
även skulle kunna användas för att koppla antikroppar till andra molekyler och på 
så sätt lägga till funktioner som inte går att åstadkomma på naturligt väg. 

 

I den fjärde artikeln (Paper IV) utvecklar vi en ny teknik kallad Multiplex 
Immuno-Assay in Solution (MIAS) för att möjliggöra mätning av ännu fler 
proteiner parallellt. I MIAS utförs analysen i lösning och proteinerna som ska 
studeras kopplas till magnetiska kulor. Därefter tillsätts antikroppar som med 
hjälp av enzymet Sortas märkts med en kort DNA-sekvens vilken fungerar som en 
unik streckkod för varje antikropp. Antalet proteiner kan då mätas genom att läsa 
av streckkoden på de antikroppar som har bundit in. Avläsningen sker med hjälp 
av en metod som kallas next generation sequencing (NGS) som är så känslig att även 
minimala skillnader mellan prover kan detekteras. 
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och utanför jobbet. Särskilt ni ”Chipster” – Anna IE, Anna S/Z, Payam och Petter 
– som var med nästan hela vägen och jag lärt känna lite närmre: ni är fantastiska! 
Extra tack till Linn P som guidade mig in i världen av ljusmutanter och 
nanoarrayer samt för alla bra samtal och galna halloweenfester genom åren! 
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Alla härliga kollegor på IT, nuvarande som utflugna samt de som blev kvar på 
BMC! Tillsammans skapar ni en fantastisk arbetsplats med spännande forskning 
i framkant. Jag är väldigt tacksam för alla som kommit med input i mina projekt 
och stöttat i svåra stunder samt all hjälp med det praktiska runt omkring 
forskningen. Tack också för allt kul på fikarasterna, utflykter, spexinspelningar, 
disputationsfester mm! 

 

To all the great people I have come in contact with in my projects, at Immunovia, 
the Dock’n’Flash team, My Hedhammars group and Konica Minolta: Thank you 
for fruitful collaborations! 

 

Carl-Magnus – stort tack för att du så generöst delade med dig av dina 
erfarenheter och ditt nätverk under året som min mentor. 

 

Till alla underbara vänner utanför jobbet: Halmstadgänget, LTH-vänner, 
Korridorsfolket, Innebandylirare mfl; utan er hade livet varit tråkigt! Tack för allt 
kul och för fin vänskap! 

 

Jag har också haft förmånen att växa upp med så många fantastiska personer och 
goda förebilder i släkten vilket jag är väldigt tacksam för. Många härliga minnen 
har jag från glada stunder på Barrstigen, i stugorna och på stranden i Frösakull. 

 

Malin och Pappa - ni är bäst! Ni betyder så enormt mycket för mig och ni har 
alltid stöttat i allt jag tagit mig för. Särskilt tack för all service och alla matlådor 
som gjort att jag kunnat fokusera på skrivandet nu på slutet och samtidigt kunna 
njuta av god mat! 

 

Mamma – Du är för evigt saknad! Även om du inte fick se mig gå i mål med 
doktorandtiden så finns du med mig i allt jag gör. 
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