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Preface 

The foundation of science is the scientific method; to create ideas, measure, 
perform experiments and share the results. On 6th of March 1665, one of the first 
scientific journals, Philosophical Transactions of the Royal Society of London, was 
published. The brilliant editorial foreword of the first issue states ‘there is nothing more 
necessary for promoting the improvement of philosophical matters, than the 
communicating (…), that such productions being clearly and truly communicated, (…) 
those (…) conversant in such matters (…are) invited and encouraged to search, try, and 
find out new things, impart their knowledge to one another, and contribute what they 
can to the grand design of improving natural knowledge, and perfecting all 
philosophical arts, and sciences (…) all for the (…) universal good of mankind.’[1]. 
And that is how scientific communication began to exist as a main contributor to 
scientific advancements. It is of my greatest honor as part of the scientific community, 
to share with the readers of this thesis, my acquired knowledge and experimental results 
throughout fulfillment of the doctor of philosophy (PhD) in molecular biotechnology. 
The current work has been carried out at the Royal Institute of Technology (KTH), who 
believes in technique as a perfect admixture of knowledge and art (vetenskap och 
konst). Technique developments, to improve numerous aspects of life, particularly 
benefit from cross-disciplinary studies and close interactions of academia with technical 
industry, that combine powers from diverse research areas. Molecular detection 
techniques represent a rich science that permit for limitless and detailed investigations. 
In the current work we have explored the use of synthetic DNA molecules as barcodes 
for advancing protein detection methods in assay parallelization. The book includes 
basic knowledge as the foundation of presented methodologies in chapter 1; objectives, 
methods and results of the present investigations as chapter 2; and it concludes with an 
overview on the future perspectives in chapter 3. I invite you to read forth into the 
following pages, that I expect would stem for prospective scientific progress of the 
current methodologies, particularly in DNA-mediated protein detection.  
 
 
 
Mahya Dezfouli 
 
Stockholm, 2015 
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Abstract 

The work presented in this thesis describes methodologies developed for 
integration and accurate interpretation of barcoded DNA, to empower large-scale 
-omics analysis. The objectives mainly aim at enabling multiplexed proteomic 
measurements in high-throughput format through DNA barcoding and massive parallel 
sequencing. The thesis is based on four scientific papers that focus on three main 
criteria; (i) to prepare reagents for large-scale affinity-proteomics, (ii) to present 
technical advances in barcoding systems for parallel protein detection, and (iii) address 
challenges in complex sequencing data analysis. 

In the first part, bio-conjugation of antibodies is assessed at significantly 
downscaled reagent quantities. This allows for selection of affinity binders without 
restrictions to accessibility in large amounts and purity from amine-containing buffers 
or stabilizer materials (Paper I). This is followed by DNA barcoding of antibodies 
using minimal reagent quantities. The procedure additionally enables efficient 
purification of barcoded antibodies from free remaining DNA residues to improve 
sensitivity and accuracy of the subsequent measurements (Paper II). By utilizing a 
solid-phase approach on magnetic beads, a high-throughput set-up is ready to be 
facilitated by automation. Subsequently, the applicability of prepared bio-conjugates for 
parallel protein detection is demonstrated in different types of standard immunoassays 
(Papers I and II).  

As the second part, the method immuno-sequencing (I-Seq) is presented for DNA-
mediated protein detection using barcoded antibodies. I-Seq achieved the detection of 
clinically relevant proteins in human blood plasma by parallel DNA readout (Paper II). 
The methodology is further developed to track antibody-antigen interaction events on 
suspension bead arrays, while being encapsulated in barcoded emulsion droplets (Paper 
III). The method, denoted compartmentalized immuno-sequencing (cI-Seq), is potent to 
perform specific detections with paired antibodies and can provide information on 
details of joint recognition events.  

Recent progress in technical developments of DNA sequencing has increased the 
interest in large-scale studies to analyze higher number of samples in parallel. The third 
part of this thesis focuses on addressing challenges of large-scale sequencing analysis. 
Decoding of a huge DNA-barcoded data is presented, aiming at phase-defined sequence 
investigation of canine MHC loci in over 3000 samples (Paper IV). The analysis 
revealed new single nucleotide variations and a notable number of novel haplotypes for 
the 2nd exon of DLA DRB1.  

Taken together, this thesis demonstrates emerging applications of barcoded 
sequencing in protein and DNA detection. Improvements through the barcoding systems 
for assay parallelization, de-convolution of antigen-antibody interactions, sequence 
variant analysis, as well as large-scale data interpretation would aid biomedical studies 
to achieve a deeper understanding of biological processes. The future perspectives of 
the developed methodologies may therefore stem for advancing large-scale omics 
investigations, particularly in the promising field of DNA-mediated proteomics, for 
highly multiplex studies of numerous samples at a notably improved molecular 
resolution. 

 
Keywords: DNA barcoding, antibody labeling, antibody oligonucleotide bio-conjugation, DNA-
assisted proteomics, immuno-sequencing (I-Seq), droplet-based system, large-scale data analysis 
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Popular Science Summary 

Imagine that you are shopping at a very big supermarket. So many products and 
fantastic offers are available to choose from and enjoy. You fill up your basket with 
your most interesting items and head for the cash register to purchase and checkout. 
Then you see that there is only one working conveyer belt, and one cashier personal 
who is looking into loads of papers to find out the price of each item to register the 
purchase manually. You see that there is little light on the cashier desk and huge mess 
of papers to look at. You think… this unquestionably means so many guesses and 
mistakes. There are so many belts and lamps, why aren’t they in use to improve the 
work? Looking at your basket you see that there is no barcode on the products, and at 
cashier desk there is no laser apparatus to read the codes and automatically approve the 
items. How could that be possible? You think… this will take forever, and you might 
gradually decide to reject your shopping basket and just leave. 

Molecules to be analyzed in scientific research resemble the countless fascinating 
items at the shopping center and molecular detection techniques appear as the cash 
register checkout. Interesting targets go on a conveyor belt to get examined, be detected 
or accurately counted. Obviously, the more belts and desks available, the more 
automated the work is, the faster and more efficient it is to recognize the items. 
Additionally, you prefer to make as fewer mistakes as possible and be precise in all 
registrations. A method with an ability to check numerous items in shorter time is called 
high-throughput and if it can examine many items simultaneously it will be multiplex. 
Everyone desire a technique which is sensitive so that it can detect even scarce amounts 
of interesting molecules, and specific enough not to mix up between distinct targets. 
Using robots to automate the process is always an additional benefit. Scientists in the 
field of method development in life sciences devote their efforts to advance technologies 
in this regard and enable powerful techniques to facilitate life, particularly for 
enhancing health and general wellbeing.  

Now imagine a hospital, and the many clinical samples that are being tested 
everyday. They contain a huge variety of molecules and complex textures. You have the 
impression on how important it is for the individual patients to know, for clinicians to 
diagnose and for the scientific researchers to improve their understanding, that the 
detection techniques are fast, precise and specific. A high-throughput method can 
enable the examination of hundreds and thousands of samples in a short time, and 
prevent long waiting lists and unwanted queues. A multiplexed method gives the 
opportunity of detecting various targets at the same time in a single examination, 
therefore saving lots of time and reagent supplies. A specific and sensitive detection, 
avoids any confusion that might lead to incorrect detections and wrong clinical 
decisions.  

A simple way to multiplex the detection assays, as it is in the shopping scenario, is 
to give a specific barcode to each of the interesting targets under study.  With available 
instrumentation, you might then be able to read through all the barcodes simultaneously 
in a single measurement. Scientists, make use of the DNA molecule as a barcode, since 
in its natural structure it consists of a sequence of four elements (bases), called adenine 
(A), thymine (T), cytosine (C) and guanine (G). A short synthetic strand, with a known 
order of bases, can be interpreted as a barcode. DNA barcodes can be chemically 
coupled to detector molecules that will selectively bind the targets of interest. In this 
thesis, we have presented techniques using antibodies as selective binders. Antibodies 
are specialized molecules that are part of our immune system and can selectively bind to 
their targets called antigens. This characteristic helps the body to recognize and prevent 
the invading microbes or chemicals from harming our health. In technology, these 
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molecules can be applied as detector reagents. For that purpose, antibodies are to be 
labeled with detectable tags such as dyes or can be barcoded by coupling a short DNA 
molecule. Describing the main concept of current thesis, we performed studies to 
advance the labeling techniques, barcode antibodies with DNA molecules, improve 
detection assays and enable accurate computational analysis of the decoding results, that 
are reported under four scientific papers. 

 In Paper I we have presented solutions for labeling of antibodies that are only 
available at small amounts, and performed the labeling in an automated system. In 
Paper II, we have barcoded specific antibodies with DNA molecules and showed the 
application of these detectors in multiplex examinations for parallel detection of 
proteins found in human blood. For decoding the DNA barcodes we combined the 
antibody-based detection with advance sequencing instrumentation that read the order 
of DNA bases in massively parallel format. We call the method Immuno-Sequencing (I-
Seq) and showed its advancement in Paper III to track the antibody-antigen recognition 
events. Finally, we emphasize on computational analysis of huge sequencing data that 
would certainly not be straightforward. In paper IV we introduce and address common 
challenges of high-throughput data analysis. An important section of genes called the 
major histocompatibility complex (MHC) is analyzed in over 3000 DNA barcoded 
samples. MHC plays an important role in the immune system for antigen recognition 
and is extensively used in clinics to pre-estimate the success of transplantation 
surgeries, in addition to applications in criminology and evolutionary studies. In brief, 
this thesis presents initial steps for developing potent methods that with further 
improvement and combination of all achievements would pave the way for large-scale 
analysis of proteins using advance DNA technologies.  
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Populärvetenskapliga Sammanfattning  
Tänk dig att du är i en väldigt stor affär. Det finns många olika produkter och 

fantastiska erbjudanden. Du fyller upp din korg med de mest intressanta sakerna och går 
till kassan. Då ser du att personen i kassan måste titta igenom högar av papper för att 
hitta priset på varje sak och registrera produkten manuellt. Du ser att belysningen är 
otillräckligt vilket leder till gissningar och misstag. Produkterna i din korg har inga 
streckkoder och det finns ingen skanner i kassan. Det mest besvärliga är att det 
dessutom bara finns en kassa! Det är bara att konstatera att detta kommer ta väldigt lång 
tid, kunderna bakom dig i kön har redan gett upp hoppet och gått.  

Molekyler som ska analyseras i vetenskapliga sammanhang är som de intressanta 
sakerna i affären och detektionsteknikerna kan liknas vid en kassa. Intressanta saker 
åker på ett band för att upptäckas, undersökas eller räknas. Ju fler band och kassor det 
finns, och ju mer automatiserat arbetet är, desto snabbare går det att känna igen objektet. 
Man strävar efter att göra så få misstag som möjligt genom att vara exakt i 
registreringarna. Detektionstekniker med kapaciteten att kontrollera ett stort antal saker 
på kort tid benämns high-throughput, och möjligheten att undersöka många saker 
samtidigt kallas multiplexering. Alla vill ha en teknik som är känslig (sensitive) så att 
den kan upptäcka små mängder av intressanta saker, och specifik så att inte sakerna 
blandas ihop. Att använda robotar för att automatisera processen är alltid en extra 
fördel. Forskare inom teknikutveckling utvecklar tekniker för att underlätta livet och 
förbättra allmän hälsa. 

Tänk dig nu ett sjukhus, och de många kliniska prover som testas varje dag. Varje 
prov innehåller en stor mängd molekyler med olika sammansättningar. Du vet hur 
viktigt det är för patienterna att få veta svaret och för klinikerna att kunna diagnostisera 
snabbt och alla måste kunna lita på resultaten. En high-throughput metod gör det 
möjligt att undersöka hundratals och tusentals prover på kort tid och på så sätt 
förhindrar långa väntelistor. En multiplex metod möjliggör analys av flera olika 
molekyler i en och samma undersökning, vilket sparar både tid och material. En specifik 
och känslig detektionteknik undviker förvirring som kan leda till felaktiga beslut. 

Ett enkelt sätt att multiplexa analyser, som det är i affären, är att ange en specifik 
streckkod till varje intressant molekyl som du är intresserad av. Med existerande 
instrument, kan du sedan läsa av alla streckkoder i en gemensam analys. Forskare läser 
av DNA molekyler med en process som kallas sekvensering, DNA i dess naturliga 
struktur består av en sekvens av fyra olika grundelement (baser) vars följeordning utgör 
DNA molekylens funktion. Dessa baser heter adenin (A), tymin (T), cytosin (C) och 
guanin (G). En kort syntetisk sträng av dessa baser med känd sekvens kan användas 
som en streckkod som hänvisar till en specifik molekyl av intresse. DNA-streckkoden 
(DNA barcode) kan kopplas kemiskt till molekyler som naturligt binder specifikt till 
saker man är intresserad av. I denna avhandling har vi utvecklat tekniker för att använda 
antikroppar som detektionsmolekyler. Antikroppar är specialiserade molekyler som 
utgör en viktig del av vårt immunsystem, de binder specifikt till sina målfigurer som 
kallas antigener. Denna förmåga hjälper kroppen att känna igen invaderande mikrober 
eller kemikalier som kan skada vår hälsa. Inom biotekniken produceras dessa molekyler 
och användas som detektionsreagens. För att förbättra detektionsteknikerna och för att 
göra det möjligt att utföra storskaliga analyser presenteras här fyra vetenskapliga 
artiklar. 

I Artikel I har vi utvecklat en metod för inmärkning av antikroppar som bara finns 
i små mängder, samt automatiserat processen. I Artikel II har vi indexerat specifika 
antikroppar med DNA barcode, för användning i multiplexerade undersökningar där 
proteiner som finns i blodet detekteras. För avkodning av DNA-streckkoder 
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kombinerade vi antikroppsbaserad detektion med DNA sekvensering. Vi har döpt denna 
metod Immuno-sekvensering (I-Seq) och den används i Artikel III för att upptäcka 
molekyler separerade i enskilda droppar av mikroskopisk storlek. I Artikel IV 
presenterar vi ytterligare high-throughput dataanalysmetod och diskuterar kring problem 
och lösningar för analys av stora datamängder. Dataanalys av tusentals prover är inte en 
trivial uppgift. Vi presenterar data från analyser av nästan 4000 prover med DNA 
barcode som möjliggör high-throughput undersökning av gensekvenser. En viktig del av 
den grupp gener som kallas Major Histocompatibility Complex (MHC) analyseras. 
MHC generna spelar en viktig roll i immunsystemet för att känna igen antigen och 
används av kliniker för att uppskatta framgången av transplantationskirurgi, men är 
även viktig i kriminologi och evolutionära studier.  

Sammanfattningsvis så presenteras här de första stegen i utvecklingen av metoder 
för storskalig analys av proteiner med hjälp av avancerade DNA-tekniker. Dessa studier 
omfattar metoder för preparering av antikroppar för inmärkning, koppling av DNA-
sekvenser till antikroppar, parallell detektion av DNA-inmärkta antikroppar, samt den 
storskaliga analysen av sekvenseringsdatat.  
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1. Background 
ogether with each human being, a story is born, a miracle that we call life. 
From the very first days, the human kind was looking for an explanation for 

life and environmental events. Ancient people defined the four classical elements, 
water, air, soil and fire as fundamental parts of the whole world around [2]. Life was 
described as a blend of all four, and health as a perfect balance among those [3]. Today, 
much smaller parts of these elements are known to the mankind and the focus is shifted 
towards the details. The typical living matter consists of Carbon, Hydrogen, Nitrogen, 
Oxygen, Phosphorus and Sulfur (CHNOPS) atoms, which covalently combine together 
to form biomolecules [4]. The molecules that store the story of life, pass on the 
information and act as the final effectors. To me, life is the concerted interactive 
teamwork of these biomolecules to shape structures, form compartments and operate in 
harmonious functional arrangements. 

1.1. The Molecules of Life 
Among the key biomolecules in a living cell are deoxyribonucleic acids (DNA), 

ribonucleic acids (RNA) and proteins. In the simplest view of their roles, DNA is 
believed to contain full instructions of the cell function and fate, RNA is a to do list of 
how the cell plans to express itself, and proteins define what is going on at the exact 
moment. This flow of information from DNA, through RNA, to proteins is known as 
the central dogma of molecular biology (Figure 1) [5]. 

 
 
Figure 1. On the central dogma of molecular biology 

T 
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DNA 
Sometime around 150 years ago, scientists began to work on DNA as a newly 

identified biomolecule. It first appeared as a mysterious precipitate while studying 
proteins, with distinct properties from any biological substance known at the time. The 
initial isolation was from white blood cells on surgical bandages in 1869 by medical 
doctor and physiological chemist Friedrich Miescher (1844-1895). For its concentration 
in the cell nucleus, the substance was originally called nuclein. Miescher believed in 
nuclein as the hereditary molecule, however the instrumental facilities and methodology 
of his time did not allow for confirmation on all his great ideas. His discoveries together 
with proceeding work of other scientists showed that DNA is a multimeric acid, 
consisting of four basic components [6, 7]. It was hard to be convinced at the time that 
only four letters could hold the immense hereditary information of the organisms. 
Hence, it took over 75 years until Osward Avery (1877-1955) presented DNA as the 
genetic material [8], and another 10 years when James Watson (born 1928) and Francis 
Crick (1916-2004) introduced a structure that showed how it could work [9].  

The common structure of DNA is composed of two right-handed twisted strands of 
adenine (A), thymine (T), cytosine (C) and guanine (G) bases called nucleotides. The 
two strands are complementary to each other, meaning that each purine (A or G) is 
facing a pyrimidine (T or C) on the other strand, which are in non-covalent interactions 
by Hydrogen bonds. These base-pairs (bp; A:T or C:G) are perpendicular to the helix 
axis. The backbone, which holds nucleotides together as a strand is comprised of sugar 
and phosphate groups that form repeated phosphodiester bonds. The free phosphate and 
hydroxyl groups at the two ends, attached to 5’ and 3’ carbons, define an asymmetric 
directionality to each DNA strand (Figure 2) [9]. A typical human cell contains 46 DNA 
molecules. A linear stretch of all DNA in a cell, if put end-to-end, is around 2 meters 
long and that extreme length is packed into the tiny cells nuclei of solely 6 micrometers 
in diameter. The packaging volume is analogous to forcing nearly 13 kilometers of 
thread into a table tennis ball (40 mm in diameter) [10]. This wonder happens through 
supercoiled configurations called nucleosomes that arrange into chromatin structures 
and give rise into one or two sets of 23 chromosomes in each cell nucleus [11].  

 

 
 

Figure 2. On DNA structure 
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The order of nucleotide bases in a DNA strand forms a sequence that is presented 
as a linear series of its four letters A, T, C and G. These letters make up three-letter 
words that connect to form genes resembling a sentence. A gene is a unit of DNA 
sequence that contains the code for one (or a set of possibly overlapping) functional 
product(s) [12]. The entire genetic material of a cell or an organism constructs its 
genome. The genome (if from a diploid organism) contains two copies (alleles) of 
genes, inherited from each of the parents. The alleles might differ slightly in sequence, 
yet share the same type of function as variants of the same gene [13]. The structure, 
function and diversity of genomes are studied under the genomics discipline. The 
suffixes -ome and -omics come from part of the word chromosome and today they 
reflect the concept of completeness and wholeness, frequently used in many other 
research areas [14]. For many years, it was believed that genes simply cover a small 
proportion of DNA molecule, which codes for functional protein structures. The rest of 
the DNA strand was considered as junk. Nevertheless, the present research constantly 
proves that nearly no section of DNA is mute. DNA not only codes for proteins, but 
also contains the information for regulatory elements and many other functional 
products from the non-coding regions. In addition to allelic variance, chemical 
modifications and interactions might occur on DNA or other parts of chromatin 
structure, that does not change the in-built nucleotide sequence, yet alter subsequent 
functional properties and can be heritable. Studies of such phenomena are termed as 
epigenetics, which in Greek root means outside genetics [15]. As a living organism 
develops, many such epigenetic modifications occur and some changes might happen in 
the in-built DNA sequence (mutations). These can turn the genes on and off, or alter 
their expression levels into functional products to be scaled up and down.  

RNA 
The early life could have been started with an RNA world only. This super-power 

biomolecule has the structure fitting both for information storage and functional 
biocatalysis [16, 17]. Along the evolutionary road, RNA transformed from an I do it all 
by myself personality, to adapt a more interactive and cooperative system. Modern life 
decided to practice DNA as a more stable biomolecule for storage of information, and 
proteins as a variable resource for specialized functional activities. RNA mostly acts as 
the link between the two worlds of DNA and protein to pass the information and 
perform protein synthesis. Yet, there are still several unique RNA-based elements 
directly involved in modern cell’s function. The RNA word comes with numerous 
prefixes and suffixes, such as mRNA (messenger RNA), tRNA (transfer RNA), rRNA 
(ribosomal RNA), RNAi (RNA interference), siRNA (small interfering RNA), snRNA 
(small nuclear RNA) and eRNA (enhancer RNA), showing its limitless impact on 
molecular systems [18, 19]. Lots of exciting research is denoted to RNA and this little 
biomolecule has been involved in several significant discoveries along science history, 
most of which lead to a Nobel Prize. RNA molecular structure is a polynucleotide chain 
of uracil (U), adenine (A), cytosine (C) and guanine (G) bases with phosphodiester 
bonds as the backbone. RNA is normally found as single-stranded in folded 
configurations to form functional structures (Figure 3) [20]. 

RNA is a transcription from DNA information into RNA sequence. Most 
transcription events produce an immature RNA that goes through further processing. 
During RNA splicing, sequence segments that remain and linked into the mature RNA 
to be expressed are called exons, whereas the introns, i.e. sequences in between the 
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exons, are cut out. Introns are degraded or serve other regulatory functions [21]. The 
total transcripts set of a cell is not an identical copy of DNA material and selective 
genes are dynamically expressed in response to different cell states and are differentially 
expressed in distinct tissue types. Moreover, a single gene can give rise to different 
isoforms of RNA transcript through alternative splicing of selective exons. A complete 
set of transcripts from a specific cell type and state at a certain time point is the 
transcriptome, which is studied under the field of transcriptomics. Transcriptomics is an 
emerging science that gives significant insights on the molecular mechanisms and 
dynamics of cell function as well as developmental investigations [22]. 

 
Figure 3. On RNA structure 

Protein 
Unlike nucleic acids with 4 nucleotide types, proteins are made up of 20 standard 

monomers called amino acids (aa). This evidently offers much larger variability in the 
polypeptide chain sequence of proteins. An extra layer of diversity occurs before 
translation of RNA into protein structures, when the RNA gets spliced into several 
isoforms, originating from a consistent gene at DNA level. Therefore, the gene-centric 
view expands to a larger protein-centric perspective [23]. Additionally, proteins fold 
into various 3-D structures that can bring distant amino acids together to form unique 
structural domains. While the primary structure is the order of amino acids, the 
secondary structure is the patterns such as turns, sheets and helixes that occur when 
amino acids are lined up in particular sequences. Tertiary structure of proteins is created 
from orderly interacting secondary structures, which builds up the entire 3-D functional 
conformation. Some proteins exist as complexes of more than one individual 
polypeptide chain (subunit). How these subunits interact in complex defines the 
quaternary structure of proteins [24]. The already diverse 3-D structures are also spiced 
with chemical alterations known as post-translational modifications (PTMs) such as 
phosphorylation, acetylation, glycosylation, amidation, hydroxylation, methylation and 
ubiquitylation, which affect the ultimate protein conformation or function [25].  

In 1838 the word protein (from the Greek root proteios meaning primary) was first 
used by analytical chemists Jöns Jacob Berzelius (1779-1848) and Gerardus Mulder 
(1802-1880), who believed in proteins of first importance among cellular components 
due to their vast involvements in cellular functions [26]. This huge crowd of diverse 
workers, happen in all sizes and shapes, performs countless tasks; ranging from being 
the building blocks of arrangements and shapes, to acting as carriers, detectors, signal 
receptors, membrane channels, messengers, reaction catalysts, immune components and 
regulatory elements. You name it task; there will be a specialized protein responsible for 
it (Figure 4) [27]. 
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Figure 4. On protein function 
 

The study of entire proteins of an organism, their complete variants, structures and 
functions, is fundamentally significant. However, a comprehensive approach that 
uncovers all the detailed information at once is realistically far from practical at the 
present-day instrumental capabilities. This is due to the immense complexity and 
variability between species, organs, tissues, biological samples, or even cell types of a 
similar genomic composition. Moreover, at any time point, a particular cell might 
change its protein contents dramatically to go through a new phase or to respond to an 
external signal [28]. Therefore, the proteome is often defined as the entire protein set (or 
sub-sets) that is expressed in a distinct cell type, at a certain state or phase and at a 
specific time point. Study of the complete (or close-to-complete) proteome in that sense, 
creates the noteworthy field of proteomics science. Although, nearly all information 
might be retrievable in theory from the genetic blueprint of DNA, to date proteomics 
significantly complements and empowers our up-to-the-second snapshot of what is 
happening in reality inside the living systems [29]. 

 
Other Vital Molecules 

In actual fact, life cannot be as simple as a construction of only three biomolecules. 
There exist many other components that play important roles in the living systems, such 
as polysaccharides, lipids, metabolites and essential smaller chemicals including 
vitamins. And respectively more and more -omics disciplines such as lipidomics and 
metabolomics are coined into existence [30]. Most remarkably among those is the 
interactomics to study the entire molecular interactions in a living organism [31]. 
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1.2. Molecules at Work 

Biomolecules act in groups with sophisticated associations and interactions. They 
get one another a ride, support, warning signals and assist. The interactions map of 
functional molecules can be presented as graphs of biological networks, which include 
both physical and indirect relations through function and regulation. The dimensions of 
such network would represent the organism’s complexity much better than the size of 
its genome [32]. As an advanced system, nearly 130,000 of simple binary connections 
are found between proteins in the human interactome [33]. Using computational and 
mathematical principals along with the advances in life sciences, the emerging field of 
systems biology aims at deciphering these complex interactions and modeling the 
biological systems in a complete holistic view. Systems biology often involves large-
scale examinations through a multi-disciplinary approach to associate diverse -omics 
investigations, aiming at advancing the global wellness of humankind [34]. 

Function by Interaction 
A high-level instance of complex protein-protein interactions (PPI) occurs in the 

immune system. To protect the organism from toxins and pathogens, the immune 
system requires the ability to selectively bind and detect foreign agents and to 
distinguish non-self structures from the self [35]. Therefore, affinity among 
biomolecules, i.e. the measure of interaction forces, at which certain substances suit to 
and combine with one another [36, 37], plays a key role in immune responses. Affinity 
between proteins resembles jigsaw puzzle pieces that perfectly match in structure and 
tend to combine. Prominent instances of immune components with such properties are 
the antibodies, T cell receptors (TCR) and the major histocompatibility complex (MHC) 
that are involved in recognition, presentation and response to certain stimuli of the 
immune system. Substances that are recognized by the immune system and thus can 
trigger a response are called antigens [38]. 

Antibodies as Specialized Molecules 
Antibody is the nickname for immunoglubulins (Igs). Immunoglobulin states the 

globular structure of the protein and the involvement in the immune response. These 
proteins are produced by white blood cells (B lymphocytes) and can appear as cell 
surface receptors or be secreted in blood. As specialized molecules of the immune 
system, antibodies neutralize toxicity, block pathogenic activities or label the invader 
microbes (opsonize) to be identified and eliminated by other immune cells [39]. The 
artist Julian Voss-Andreae (born 1970), who shapes protein molecules into sculptures, 
has a famous artwork on antibody structure called “angle of the west”, exhibited at the 
Scripps research institute in Florida, USA. In his view, antibodies are guardian angels of 
our health and their structure reflects the perfect human figure with an upright body and 
two stretched arms in the sky, having special sensing at fingertips. Antibodies are Y-
shaped macro-molecules consisting of two sets of heavy (440 aa) and light chain (220 
aa) subunits, linked through non-covalent interactions and di-sulfide covalent bonds 
[40]. Some Igs are found in multimeric conformations of such structures. Each heavy or 
light chain of an antibody contains variable (VH/VL) and constant domains (CH/CL). 
The antigen-binding sites are at the end of each arm where a combination of hyper-
variable regions (complementarity determining regions; CDRs) along VH and VL come 
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together in 3-D conformation. The entire antibody structure can be segmented into two 
main parts of the Fab fragment (the arms) responsible for antigen binding and the Fc 
fragment (the body) mediating the subsequent immune responses. The neck in between 
the two fragments is the hinge region that gives a degree of spatial flexibility to the 
antigen-binding segments (Figure 5) [41].  

 
Figure 5. On antibody structure and function 
 

The part of antigen molecule that matches the structure and is recognized by the 
antibody is called the epitope. Epitopes can be of linear or conformational types that are 
recognized by their primary or 3-D structures [41]. The diversity of Igs specificities to 
bind certain epitopes occurs at gene sequences and RNA transcripts through somatic 
recombination and hyper-mutation as well as RNA alternative splicing. These 
mechanisms, together with combination of different V regions to form the antigen-
binding site, considerably expand the molecular diversity generated from a relatively 
few number of genes. The total variety of Ig specificities of an individual defines its 
antibody repertoire that can be over 1011 in a human body [42]. This extreme variety is 
an evolutionary advantage that guarantees the existence of a binding agent for any given 
epitope of novel pathogenic encounters [43]. 

To describe the structural and functional properties of Igs, antibodies are studied 
under different classes and isotypes. The major classes are named after the heavy chain 
(α, δ, ε, γ and µ) as IgA, IgD, IgE, IgG and IgM respectively. Antibody classes are 
further subdivided into different isotypes to define the detailed characteristics. IgG and 
IgA sub-classes include six isotypes of IgG1, IgG2, IgG3, IgG4, IgA1 and IgA2 [38]. 
Different Ig classes show divergent effector functions and are widely distributed across 
the body to operate in distinct locations. IgM is the first class that appears in an adaptive 
immune response and is mainly found in blood. IgM forms a pentameric structure and 
mostly activates the complement system. In later phases of the response, other classes 
dominate in amount. IgG is the most abundant immunoglobulin in human sera (>70%) 
that is often used synonymously to the word antibody. IgG often shows a higher affinity 
to antigens and is present in blood and extracellular fluid. It is also involved in 
complement activation and it additionally functions as an opsonin. IgA appears in 
monomeric and dimeric forms and can exist in blood, extracellular fluid as well as 
mucus epithelium of the intestine and respiratory tract. Relevant to its localization, IgA 
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mainly functions as a neutralizer. IgD and IgE are often found as cell surface receptors 
and show low concentrations as secreted in blood. IgE is mainly involved in local 
reactions through mast cell sensitization [42]. (Technical details on antibodies as 
important analytical molecules are explained in subsequent sections under affinity 
tools). 

The Major Histocompatibility Complex 
The major histocompatibility complex (MHC) is a large family of genes that mainly 

code for MHC proteins. MHCs are surface molecules with a peptide-binding groove, 
their key function being the presentation of encountered antigens to the immune cells 
(mainly T lymphocytes and NK cells) [44]. MHC genes are of three main classes of I, II 
and III depending on the location of genes along the chromosome (gene locus). In 
principal, MHC molecules of class I exist on all cells surface and consistently display 
the processed epitopes of intracellular origin and self antigens to the immune system. 
Aberrant cells such as viral infected or cancerous that present abnormal antigens, or 
those with insufficient MHC molecules on surface, are eliminated by cytotoxic T 
lymphocytes (CD8+ Tc). Additionally, MHC I molecules are involved in critical training 
of immature T cells to recognize only non-self antigens in combination with self MHCs 
as a factual invader [44]. On the other hand, specialized antigen presenting cells (APCs) 
such as macrophages and dendritic cells (DCs), engulf pathogenic microbes by 
phagocytosis or endocytosis, and present the antigen epitopes on surface (in 
combination with MHC II proteins), after its intracellular digestion. This complex will 
be recognized by receptors on helper T lymphocytes (CD4+ Th) that produce various 
immune components in response and initiate an adaptive immune reaction (Figure 6) 
[44]. MHC genes of class III do not code for MHC proteins, however their gene loci is 
located in between the other two classes. MHC III genes are involved in other immune 
functions, most of which is yet partially known to the field [45]. 

 

 
 

Figure 6. On MHC structure and function 
 

In human, MHC genes are located on chromosome 6 and are also called by the 
name human leukocyte antigen (HLA). According to the gene loci, human MHC I 
consists of regions A, B and C; whereas MHC II of DP, DQ and DR. Each region 
contains many exons and introns as well as several subdivisions such as DRA and 
DRB1. MHC genes are extremely variable in sequence (hyper-variable) and the gene 
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expression to MHC surface proteins is co-dominant, i.e. in each individual both 
paternally and maternally inherited MHC alleles are expressed as a mixture of MHC 
proteins on cell surface [46]. To date, over 10,000 alleles are known for the diverse 
genes at the MHC loci [47]. Considering such a huge variety, it is extremely unlikely 
for any two unrelated individuals in a population to express an exactly identical MHC 
pattern on the cells [48]. Therefore, these genes are considered as highly polymorphic, 
showing numerous forms (types) among population of the same species [46]. The 
hyper-variable polymorphic region makes MHC loci proper for numerous applications 
in clinical and research perspectives. It is extensively used in clinics for prediction of 
organ or stem cell transplantation success before surgery, since MHCs are involved in 
immune rejection of non-self graft tissues. This is the main reason for selection of 
donors with as similar MHC pattern as possible (histocompatible) to the recipient cells 
[49]. MHCs are expressed not only in humans, but also in other vertebrates such as 
canines (known as dog leukocyte antigen; DLA) [50] and in research, the highly diverse 
genetic sequence benefits many scientific disciplines such as evolutionary studies, 
population genetics and forensics [51]. Moreover, additional exciting research in very 
divergent areas are practiced such as hypothesizing an unconscious MHC-dependent 
mate choice [52]. 
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1.3. From Knowledge to Application and Back 

Humans are innately interested about knowing and discovering novel aspects of life 
and environment. Some are attracted to nature and wildlife; some try to learn more on 
social behavior and psychology; some are looking for ancient remainders and want to 
understand the origins of human civilizations; some are fascinated about chemical 
elements and some prefer to only deal with numbers and calculations. Indeed, humans 
are also interested in inventions to create novel technologies. To apply their knowledge 
for facilitating everyday life and also advancing what they are physically capable of as a 
creature. It was believed for long that what makes us humans (homo sapiens) is the 
ability to learn and talk, together with the tool-making skills. However, these 
capabilities are shown existing among other creatures especially in the great apes [53]. 
Though, what is unique in being a human is our abilities to transfer our knowledge and 
applied technical achievements to the next generation, who build up novel features on 
top to enhance it [54]. In every generation, latest scientific discoveries are used to invent 
novel techniques. Subsequently, with enhanced technologies in hand, the next 
generation can achieve better understandings and generate more knowledge to create 
much improved technologies. Through this process circulating over time, the 
humankind capabilities expand dramatically at an exceptionally higher pace compared 
to other living creatures and timeworn dreams come true in every great accomplishment 
(Figure 7). 

 
 

Figure 7. A reflection on the communication between knowledge and technology 
 

The most adjoining technology to life and nature is biotechnology. Biotechnology 
is the combination of two words: bio- (from the Greek root  ‘bios’ meaning ‘related to 
life’) and technology (from the Greek root  ‘technikos’ meaning ‘human skills’). It is 
basically technology based on biology or technology for the sake of biology. In one 
perspective, biotechnology reflects on applying the living organisms or their extracted 
substances to generate products that are useful for mankind. Instances of such regard are 
domestication, breed refinement in agriculture and fermentation [55, 56]. In the modern 
perspective, biotechnology also involves in harnessing technological and engineering 
tools towards improving aspects of life and health. In that sense, the vast field of 
biotechnology can be subdivided into white, green and red divisions. White 
biotechnology includes large-scale industrial manufacturers using biological organisms, 
living systems or processes, such as fermenters of diary products, beer and bread as well 
as biofuel production; green biotechnology relates to agriculture; and red biotechnology 
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(medical biotechnology), which is of the most focus in this thesis, deals with clinically 
related technical research for prediction, prevention, diagnosis and treatment of human 
diseases [57]. Clearly, biotechnology is closely related to and demands expertise in IT 
(information technology) as in bioinformatics, as well as bio- and chemical engineering 
[58]. As noted, many of the great biotechnical inventions stand on the shoulder of giant 
well-established features in nature. Techniques to mimic biological mechanisms in vitro 
(outside the cell machinery) or utilize the natural occurring structures in a practical 
setting stem for tremendous developments in biotechnology. In the following sections 
three instances of such approaches are described. 

DNA Alphabet: Four Letters, Countless Utilities 
Possibilities of de novo DNA synthesis in vitro [59], paved the way to initiate the 

diverse applications of oligonucleotides (short string of nucleotides) in science and 
medicine [60]. Furthermore, technological advancements allowed for addition of site-
specific modifications on synthesized DNA to incorporate reactive groups e.g. thiol (-
SH) or amine (-NH3) as well as tags such as biotin [61]. The synthetic oligonucleotides 
have a unique technical benefit, that its sequence and modifications can be designed for 
every base to serve a specific function or examine a particular hypothesis. Current 
studies are devoted to enhance synthesis by improving base incorporation accuracy 
together with lowering the synthesis cost and increasing the achievable length and scale 
[62]. Synthetic DNA has several intriguing applications. Owing to its unique structural 
properties, DNA has been of interest to many researchers in various fields. In material 
science, DNA is used to construct stable and distinctive 2-D or 3-D nano-structures 
(DNA origami) that can be used as a molecular support or as carriers [63]. Additionally, 
programmable structures based on DNA are being used in computing machines to 
replace silicon chips or act as biological transistors [64]. Using the programmable 
structures, designed sequences have been used as molecular machinery to analyze cell 
state and release therapeutic agents in response to certain stimuli [65]. DNA sequence is 
also used as a digital information packaging for long-term ultra-high capacity data 
storage. Only one gram of DNA has the chemical capacity to store over 700 terabytes of 
data, that can be designed to include backup repeated nodes and additional protective 
elements [66]. Ultimately, recent advances made it possible to construct a complete 
artificially synthetic genome that is functionally capable of controlling the entire cell 
[67]. This is a giant technological step ahead, however reaching the creation of a totally 
artificial life demands substantial knowledge of entire cell components, their individual 
functions as well as networks and interactions. Refining such a gap in current 
knowledge, evidently necessitates years of further investigations and is a distant future 
ambition.  

The simplest idea among all applications of DNA, hitherto furthermost practiced in 
research, is utilizing a short identifiable DNA sequence to tag (to barcode) a certain 
species, individual biological samples or particular target biomolecules. DNA barcoding 
offers unique advantages to increase the power of examinations, particularly in assay 
parallelization by simultaneous decoding of pooled barcoded sequences [68]. DNA 
barcodes make it possible to design and perform experiments that without barcoding are 
impracticable due to laborious, time-consuming and costly procedures [69, 70]. As a 
consequence of assay parallelization, simultaneous analysis of many targets (in 
multiplex), or parallel investigation of several samples (in high-throughput format) 
would be facilitated. A short DNA barcode of only 6 bp theoretically generates 46 
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(4096) different nucleotide combinations. Indeed, the error-rate in both synthesis and 
subsequent decoding steps should be considered to calculate a practical set of 
distinguishable barcodes, reducing the number to less than a hundred (yet a substantial 
amount). To improve the barcoding quality, it is greatly significant to homogenize 
length and Tm (melting temperature) between barcodes, adapt the barcode sequences 
distance to the predicted error-rates, avoid extended homopolymers (mononucleotide 
repeats) and exclude sequences prone to form secondary structures or show cross-
hybridization with experimental DNA or other barcodes [71]. With a reasonable 
increase in the barcode length, considering the aforementioned facts, the multiplexing 
power and throughput of DNA-barcoded assays would considerably increase. 
Moreover, by using a combination of barcoded molecules as dual tagging systems, the 
barcoding potentials would expand noticeably in size to perform large-scale biological 
investigations (Figure 8) [72]. 

 

 
 

Figure 8. On the dual tagging system 

Affinity: The Secret Behind Various Handy Tools 
Applying the natural attraction between molecules to formulate fruitful 

technologies is a deep-rooted old idea behind numerous handy tools. The affinity-based 
methodologies include maintenance of molecules together or attached to a solid surface; 
purification of selected parts of a mixture based on affinity to a particular immobilized 
ligand; as well as detection, quantification or localization of a certain target by labeling 
a probe that selectively binds to it [73]. Affinities are described by the value of 
dissociation constant (Kd) that is a measure of the complex’s tendency to break apart 
into individual subunits; therefore the lower the Kd value, the greater are the interaction 
forces. The association constant, also described as the affinity constant Ka, is 
alternatively used that is relative to the inverted Kd value and increases as the attractions 
improve. Kd is related to the concentrations of the subunits and is also affected by 
environmental conditions such as temperature, ion composition and pH [41]. This 
feature is advantageous in biotechnical applications since it allows for manipulating the 
interaction forces by intended conditional changes. As a typical example, a rarely high 
affinity with an approximate Kd of only 1 fM exists between biotin and avidin molecules 
that are believed to show one of the strongest non-covalent interactions in nature. The 
biotin-avidin chemistry is applied in several methods to hold molecules together along a 
process; and to selectively purify or enrich a mass of biotinylated target molecules from 
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a complex mixture. The avidin protein family consists of many variants such as 
streptavidin and neutravidin molecules presenting diverse biotechnical applications 
[74]. A second example of pioneer molecules in the affinity tool history is the 
staphylococcal protein A. Protein A selectively binds to the Fc region of IgGs, through 
its five Ig-binding domains. In nature, this is used by the bacterium Staphylococcus 
aureus to block IgGs and therefore escape the clearance by the immune system. The 
isolation of protein A from bacteria for biotechnical handling, initiated the development 
of various applied methods in immunology as well as biology [75]. Protein A coated 
columns and particles are available for purification (or isolation) of total sample IgG, or 
when bound to a specific antibody for indirect enrichment of selective target antigens. 
Besides protein A, the Ig-binding domains appear in other naturally occurring proteins, 
each interacting with a selective group of Igs and hence can provide different 
characteristics of the ultimate technical application. For instance, protein A and protein 
G have the highest selectivities against rabbit and mouse IgGs respectively [75, 76]. 

The application of affinity reagents as molecular probes to investigate the 
proteomes creates the affinity proteomics toolbox [77]. A major part of affinity 
proteomics involves the use of antibodies as tools; with the fundamental applications in 
molecular imaging or as selective detection probes in the form of immunoassays. 
Besides the full antibody structures, antibody fragments, i.e. split antibody structures 
with retained binding functionalities, such as Fab, F(ab´)2, ScFv and Diabodies are also 
practiced in immunoassays [77]. In addition, non-Ig molecules with designed target 
recognition capabilities are spanning the next-generation of affinity reagents. These 
alternative scaffolds such as affibodies, DARPins and aptamers benefit widely from a 
relative smaller molecular size, higher stability, improved production scales and 
predesigned target-binding characteristics (Figure 9) [78].  

 

 
 

Figure 9. On antibody fragments and alternative scaffolds 
 
Massive production of affinity reagents, principally antibodies, is a chief unit of 

affinity proteomics, since the availability of high-quality binding agents often 
determines the targets that can be practically analyzed [79]. Antibodies are mainly 
produced through immunization of animals (e.g. rabbit, sheep, goat, donkey, etc.) and 
subsequent isolation of Igs from blood. Such antibodies are termed polyclonal as 
generated by a population of dissimilar clones of antibody-producing mature B 
lymphocytes; each clone secreting a single type of particular antibody, specific for a 
certain individual epitope. Therefore, a polyclonal antibody constitute recognizes a 
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mixture of different epitopes on the immunizing target. This process is most efficient, 
however may not be reproducible concerning the exact binding site on the antigen. In 
case the polyclonal antibodies are enriched for a specific epitope, one can achieve a 
selection of mono-specific antibodies [80]. Through an alternative approach, a single B 
lymphocyte clone can be isolated from the immunized animal (often mouse) and be 
fused with immortal myeloma cells (cancerous B lymphocytes). These cell hybrids 
continuously divide, produce and release the identical monoclonal antibody in the 
hybridoma supernatant that can be collected and purified for subsequent applications 
[81]. Antibodies are also produced through recombinant protein technology without the 
requirement of animal immunization. This process is most essential in case the target is 
not sufficiently immunogenic, or is toxic for the immunized animal, in addition to 
ethical concerns for animal use. Though the recombinant protein technology is yet done 
at considerably high cost and necessitate particular lab equipment [82]. 

The systematic and high-throughput generation of antibodies and the potentials for 
advancing our knowledge on protein targets is a fundamental goal in affinity proteomics 
[83]. A promising large-scale coordinated antibody production and characterization is 
the human protein atlas (HPA) project with the main purposes of covering the whole 
human proteome (on the gene-centric view) with available binding agents (mainly of 
mono-specific polyclonal rabbit IgGs). Moreover, HPA offers a complete open-access 
atlas of associated microscopy images from tissues with sub-cellular protein 
localizations [84, 85], in addition to the available RNA expression profiles [86]. The 
HPA production pipeline applies computational (in silico) selection of PrEST antigens 
(protein epitope signature tags; 100 aa long on average) to represent a unique feature on 
the target protein as a distinct epitope [87, 88]. This is followed by the generation of 
PrEST antigens as recombinant protein fragments in bacterial system, fused with a 
hexahistidyl tag and albumin-binding domain (His6-ABP) for purification and 
immunogenicity improvement respectively. Same PrEST antigens are used for 
immunization, subsequent enrichment for mono-specificity and conclusive validation of 
produced antibodies’ selectivity [80]. The latest version of HPA portal (v.13.0) contains 
RNA data on 99.9% of the genes (transcription profiles from 44 cell lines and 32 tissue 
types) and protein data using 24,028 antibodies that target over 83% of human protein-
coding genes (i.e. 16 975 proteins). In addition, corresponding images (over 11 million) 
of all validated antibodies are available on 44 healthy and 20 cancerous tissue types as 
well as 46 different human cell lines [89]. 

Looking for Enhancement: On Beads and In Droplets 
Nature prefers circular patterns; from the giant planets in cosmos to tiny sands 

beside the oceans, numerous spherical-like objects can be spotted in nature. Spheres are 
spectacular structures; providing the minimum surface area for a given volume, hence 
reducing the cohesive forces with surrounding molecules. Spheres offer a 
thermodynamically stable form that tends to preserve its shape. This phenomenon is 
apparent in the behavior of bubbles and mixture of water with oil. The application of 
circular and spherical forms in technical developments is long established, aiming at 
creating a uniform assemblage of rounded particles (beads), liquid droplets or air 
bubbles for carriage of molecules that are captured on surface or trapped inside a caged 
compartment [90, 91]. Supplementing such possibilities would stem for numerous 
improvements in the practiced methodologies. 
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Beads (in biotechnical applications) are spherical particles of typically nano- to 
micro- meter in diameter with a well-characterized surface chemistry. The surface can 
be applied for adsorption, immobilization and performing enhanced solid-phase 
reactions. The protective shell of bead particles assures the well-defined surface tension, 
motion flexibility and avoids beads aggregation. Furthermore the surface can be 
manufactured as coated with polymers, reactive groups such as -NH2 or -COOH and 
selective binders e.g. streptavidin, protein A or protein G. Thanks to their relative larger 
size in comparison to biomolecules, beads increase the diffusion rates and can be easily 
re-isolated from samples after application by simple filtration. Moreover, magnetic 
beads with a Fe3O4 core enable a magnetic field induced mobility, which facilitates 
separations as well as possibilities for directed movements in presence of an external 
magnet [92].  

Another instance of spherical elements in technical application as a mean for 
process enhancement is using droplet compartmentalization. Droplets are encapsulated 
liquid confines of pico- to nano- liter in volume. The key advantages of droplet-based 
systems include encapsulation of materials inside a defined margin that avoids 
uncontrolled diffusions, as well as increased local concentration of caged substances. 
Manipulation of discrete material quantities in scarce volumes is remarkable for process 
enhancements in terms of performance and possibilities to analyze systems in more 
detail. Available technologies for compartmentalization range from bulk emulsification 
of water-in-oil combinations (that is also used in cosmetics and food industry) to more 
advanced microfluidic devices capable of uniform generation, handling, sorting and 
controlled fusion of certain droplets [93]. 
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1.4. Molecular Detection Techniques 
What researchers look for in biological samples is a key drive for developments of 

molecular detection techniques. Clinicians and biologists are constantly investigating 
cells, body fluids and biopsy tissue specimens to find clues about health and disease as 
well as fundamentals of cellular and molecular processes. A distinctive criterion that 
confidently defines a certain biological interpretation can be regarded as an associative 
marker in examinations. A biomarker is a measureable analyte or condition that is 
associated to a distinct state and can be interpreted in an indicative or predictive manner 
[94]. Early diagnostics, monitored prognosis, predicted treatment response, personalized 
and non-invasive clinical trials are among the countless benefits following biomarker 
discoveries [95]. The typical process of biomarker discovery, involves large-scale 
profiling of biological samples, identification of candidate markers as significantly 
distinguished among sample groups, followed by processing and validation of selected 
markers. Numerous biological sample types are profiled as potential sources of 
biomarkers; blood (in forms of whole-blood, plasma or serum) is widely used for being 
the most comprehensive source of secreted or leaked body constituents, and provided 
through a low-invasive sampling method. Cerebrospinal fluid (CSF) that shields the 
brain and spinal cord is extensively used as a biomarker source mainly associated to 
neurological disorders. Other body fluid instances involve the examination of saliva, 
mucus, urine, amniotic fluid, etc. Several biomarker discoveries are also provided 
through examination of cells and tissue lysates [79]. Nevertheless, in many applications 
the spatial information on precise molecular locations inside the cell or tissue 
compartments is critical, hence fixated cell culture or tissue sections are analyzed in 
preserved solid-state [96]. Biomarker discovery involves a wide range of large-scale and 
integrative -omics research with a key contribution from proteomics, metabolomics and 
transcriptomics [97]. In the following sections, examples of molecular markers are 
described as DNA, RNA and protein profiles.  

At the DNA level, focusing on the sequences, diversities of both normal and 
aberrant forms are observed among populations. The living systems favor tolerable 
changes at DNA level to provide better chances as evolutionary advantages in natural 
selection. These built-in variations are used as biomarkers, yet propose additional 
applications as unique molecular markers for definition of a species, to understand the 
evolutionary path of certain traits or perform forensic and criminological investigations 
(DNA fingerprints) [98]. DNA variations are sub-divided into sequence- and structural- 
variation types depending on size of the change on DNA. Sequence variations are 
caused by substitutions (point mutations), insertions and deletions with a size ranging 
from a single nucleotide variation (SNV) to fragments of 1 Kbp. A SNV that occurs 
frequently in over 1% of a species population is termed as a single nucleotide 
polymorphism (SNP) [99]. Often sets of SNPs are linked through the DNA sequence 
and hence are inherited together defining a haplotype block. On a larger perspective, a 
haplotype can also describe a set of linked exons or inter-related genes loci along the 
chromosome [100]. Structural variations include translocations, inversions and 
insertion/deletions of larger DNA fragments (over 1 Kbp in size) [101] as well as 
changes in the recurrence number of a repetitive DNA sequence known as copy number 
variations (CNV) (Figure 10) [102].  
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Figure 10. On DNA structural variations 
 

Investigating the hard-coded genetic information is often not sufficient to explain 
all different phenomena, and measuring the activities of genes in different situations, 
phases and states reveals an extra layer of informative knowledge. Qualification and 
quantification of mRNAs (as a link towards protein synthesis) and other functional 
RNA products (e.g. rRNA, tRNA, siRNAs, snRNAs) defines the expression profile of a 
cell as an important angle of biomarker discovery [103]. Changes in expression levels 
might be due to transcription regulations, RNA splicing and processing, RNA 
localization through controlled export from nucleus and finally the degradation rates 
and molecular half-lives of produced RNA repertoire [104, 105]. Conventionally, RNA 
could be examined on gels such as northern blotting and on microarrays by 
hybridization to designed probes. RNA is commonly reverse transcribed into its 
complementary DNA (cDNA) in vitro and assessed on a quantitative PCR instrument 
(RT-qPCR). Currently, cDNAs are sequenced on massively parallel sequencing 
platforms via RNA sequencing (RNA-seq) to scrutinize expression profiles at single 
nucleotide resolution, with abilities to discover novel transcripts [106, 107] (technical 
details are explained in subsequent sections under DNA detection). 

Although it might sound logically unexpected, a complete association between 
RNA expression profiles and corresponding protein composition does not occur in a cell 
[108]. Therefore, characterizing the protein components adds yet another layer of 
knowledge at the closest biochemical view to the observed functional properties and 
phenotype of the organism. Protein profiles might show a change in composition, 
localization, abundances, 3-D structures and certain PTMs [109]. With the advent of 
novel techniques that are potent in examination of complex and dynamic proteomic 
samples, discovery of individual and assemblage units of protein biomarkers become 
more and more attention grabbing. Nevertheless, to date what is known about proteins 
as biomarkers, is inconsiderable compared to what can hypothetically be further 
accomplished and indeed a motivating attempt has just been initiated [94]. 

The hot topic of biomarkers brought even pure in silico data mining into the 
battlefield for discovery of any tissue- or disease- specific report among publicly 
available scientific records [110]. However, the final question is always on convincing 
the ultimate clinical utility of discovered biomarkers. The uncertainty to answer such 
questions arise from the extensive efforts and prolonged time span required for 
validating potential biomarkers for incorporation as routine clinical tests [111]. This 
includes reproducibility and consistency of results in investigating larger cohorts, in 
addition to standardizations and feasibility of bedside performance in a clinical 
environment, being applicable on accessible patient materials, preferably acquired by 
minimal-invasive sampling methods [95]. 



Chapter	  1:	  Background	  
	  

	  18	  

The Key Principles of Ideal Methods 
Among the natural systems, not all actions works as ideal, hence the best 

alternative choice would be what is good enough for the exact moment. In technology a 
perfect molecular detection occurs when every single molecule is observed in most 
sensitive examinations, deprived of any error in handling multiple observations in order 
to be perfectly specific in discriminating between distinct targets. The analysis results 
should ideally be absolutely accurate and as precise as all repeats (replicates) of the 
same experiment robustly give the identical outcome. Though, there is always a limit to 
the detection capabilities (limit of detection, LOD), under which is the uncertain zone of 
background noise. There are always borders that define a range (dynamic range) for 
reliable observations. There is always an edge to the assay selectivity between true 
targets and cross-reactants, so that no assay reaches the ultimate of perfect specificity 
[112]. To compensate the gap between ideal reports and actual observations, all 
scientific results include a measure of plausible errors, with comparative analysis of 
biological and technical replicates by reporting values such as standard deviation from 
the mean (SD), standard error (SE) and coefficient of variation (CV). The confidence of 
scientific evidence (rather than coincidental chance) is reported by probabilities (p) and 
false discovery rates (FDR) to exclude false negative and false positive results. 
Ultimately the attained discoveries are to be validated by gold standard techniques and 
well-recognized references [113]. Despite all limiting confines, the systems are further 
challenged to fulfill researchers desire and recent demands, to reduce cost, increase 
throughput and analyze as many targets in multiplex. Additionally today’s vision is 
mostly focused on ultra-sensitive single cell and single molecule detections and 
performing large-scale genome- or proteome-wide studies. To achieve that goal, 
technical possibilities and limitations have to be considered and well balanced to 
succeed in presenting a technology that is good enough for yielding reliable evidence on 
the determined scientific hypothesis. In addition, to conceivably overcome existing 
limitations, detection assays are improved in many aspects, chiefly by addition of 
multiple proofread steps to increase accuracy and by considerable amplification of 
untraceable signals to enable ultra-sensitive detections [114].  

DNA Detection: History and Present 
The very first expectation from a molecule as the genetic material has always been 

the ability of self-duplication. After the discovery of double-stranded complementary 
structure of DNA in 1953, the details of DNA replication were described by biochemist 
Arthur Kornberg (1918-2007) in 1957 [115]. This feature not only involved in the 
biological descriptions of genetics, but also was the focus of many scientists aspired to 
copy the genetic material in vitro. The subsequent imaginary applications of such power 
were plentiful and captivating. A motivating goal was to be able to drastically amplify a 
limited amount of DNA material to be able to detect, characterize or utilize it in 
subsequent applications. The first attempt of such dates back to 1971, when Kjell 
Kleppe (1934-1988) could replicate a DNA fragment in vitro using DNA polymerase 
enzyme and a short complementary oligonucleotide acting as a primer to start the 
reaction [116]. Temperature alterations were applied to melt the double stranded DNA 
and anneal the synthetic primer. Although scientifically impressive, one-step replication 
to generate a copy of DNA was not adequate for the proceeding technical applications. 
Moreover, binding of a single short primer was insufficient to specifically target a 
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certain gene locus along the large genome. Kleppe hypothesized using a combination of 
two primers to introduce double specificity for targeted binding (extra proofread step) 
and to allow for synthesis of both DNA strands in a continuous manner. By constant 
addition of fresh enzyme while cycling the temperature alterations, the reaction could 
reach an exponential amplification [116]. Though, the great hypothesis was never 
approved experimentally until 1983, when biochemist Kary Mullis (born 1944) 
presented the proof and coined the eminent term of polymerase chain reaction (PCR), 
winning him the honor of 1993 Noble prize [117].  

PCR is the best example of a simple unsophisticated process design that is the basis 
for numerous groundbreaking scientific achievements and industrial developments. This 
revolutionizing method could not be born without valued efforts of many scientists, who 
provided the knowledge of replication; made the required components accessible; 
pinpointed the applicability of PCR in DNA detection; and extensively improved the 
laborious and time-consuming initial design [118]. After Kornberg isolated the first 
functional DNA polymerase enzyme from E.coli bacteria, Hans Klenow (1923-2009) 
introduced the Klenow fragment, which lacked the 5’ to 3’ nuclease activity [119]. In 
1969, Thomas Brock (born 1926) pioneered the possibilities of automated PCR by 
isolation of temperature-resistant polymerase (Taq) from the thermophilic bacterium 
Thermus aquaticus. Taq polymerase could withstand extensive and repeated 
temperature alterations excluding the laborious manual enzyme addition steps [120]. 
Efforts to improve the polymerase activity also included enhancing the base 
incorporation accuracy and increasing the achievable product length. The enzyme Pfu 
was isolated from hyperthermophilic archaeon Pyrococcus furiosus with superior 
proofreading activity that could eliminate false base incorporations. Phusion DNA 
polymerase contains an additionally fused DNA-binding domain that increases its 
affinity to double stranded DNA and enables longer and more accurate polymerization 
termed as high fidelity PCR [121]. Other polymerases with particular characteristics are 
also practiced such as Phi29 with high processivity and strand displacement activity. 
Such features allow the polymerase to continue its synthesis process for long and even 
after encountering a double stranded DNA segment upfront by displacing the hybridized 
fragment while the base incorporations progress [122].  

Despite all aforementioned improvements, detection assays based on the common 
PCR are yet hampered by certain limits that prevent the dream of infinite amplification. 
In every PCR three main phases can be observed; a lag phase of the time required for 
initial steps to prime the chain reaction; an exponential phase of amplification with a 
high quantity of accessible templates and reagents; and a final plateau where the 
amplification is disrupted by changes in relative concentrations [123]. The lag phase 
time span and the accuracy of primer annealing to the correct targeted locus depends to 
a high extend on the template concentration, quality and accessibility. In the latter 
plateau phase, the number of active enzyme molecules (per DNA templates) eventually 
decreases that may cause less efficient amplification. In fact, with large availability and 
current improved polymerases, PCR imperfections due to the drop in polymerase 
activity are minimal. At plateau, with a huge amount of PCR product available, the 
relative amount of primer molecules per DNA template drains over time. This gives a 
better chance for hybridization of produced complementary copies rather than new 
primers that interferes with priming new replication reactions. Complementary strands 
also block the way ahead of newly annealed primers, which might lead to fragmentation 
and degradation of complementary strands by the enzyme’s nuclease activity. 
Ultimately, accumulation of PCR byproducts from imperfect partial amplifications, 
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fragmented products, concatemeric and chimeric structures as well as mistaken 
hybridizations between the two primers or partial products, diminish the anticipated 
reaction pace and accuracy. Thus, a high-quality PCR amplification assay is 
intentionally stopped before termination of exponential phase to avoid dilution of 
desired product in contaminated PCR derivatives [123].  

The motivating concept of PCR amplification additionally stemmed for 
developments of many analogous molecular techniques. An impressive invention by 
Paul Lizardi, the rolling circle amplification (RCA) applies a circular DNA template, 
one or multiple primer oligonucleotide(s) and a prossesive enzyme such as Phi29 to 
continuously copy bases around the circular template. The ultra-long single stranded 
product can be visualized by using pre-labeled nucleotide precursors or by post-
hybridization of tagged complementary oligomers. The circular template can be 
designed to incorporate repeated functional sequences in the final product such as 
elements to form particular secondary structures or restriction sites to be cut by certain 
enzymes [124]. Besides amplification, techniques to ligate pieces of adjacent DNA 
molecules introduce inspiring applications in molecular biology [125]. One example is 
the self-ligation of DNA fragments into circular elements that can be applied as RCA 
templates, as well as padlock probes [126] and molecular inversion probes (MIP) for 
targeted analysis of genetic variations [127].  

Inherently, the next phase of technical developments in DNA detection would be 
the ability to monitor DNA amplification in real time, characterize the product in more 
detail and decipher the order of its nucleotides (DNA sequencing). The instrument real 
time quantitative PCR (qPCR) was first released in 1996 and is capable of both specific 
and universal quantification of PCR products as well as real-time monitoring of the 
reaction progress [128]. Intercalating dyes such as SYBER Green that insert between 
the two DNA strands are used for detection of total double stranded PCR products; and 
TaqMan probes are applied for specific detection of certain target amplicons. TaqMan 
probes are a stretch of DNA fragment with two functional ends as a fluorescent signal 
emitter and a quencher, so that at resting format the emitted signal is quenched. In 
presence of the target sequence the probe anneals to the complementary DNA sequence 
and in each amplification cycle, the TaqMan probe is hydrolyzed by the nuclease 
activity of the polymerase. Consequently, a signal is emitted by the subsequent physical 
separation of emitter from quencher [129].  

Additional clarity in DNA detection can be introduced by analysis of DNA on a 
digital PCR (dPCR) instrument that allows for ultra-sensitive measurements and 
absolute quantification of molecular counts [130]. In dPCR the sample is extremely 
diluted and partitioned into numerous separate miniscule reactor compartments of 
nanoliter volume (droplets or nanowells) aiming at one to a few couple of templates per 
reactor. According to Poisson model, there will be a normal distribution of template 
molecular counts over total compartments. After PCR amplification of target DNA to a 
detectable level, the compartments undergo a binary measurement of either presence or 
lack of a signal from pre-designed specific TaqMan probes or hybridizing labeled 
complementary sequences. For each measurement, the ratio of positive compartments is 
normalized by fitting into the model for a precise quantification of initial molecular 
counts [93]. 

A perfect instance of the interplay between knowledge and technology occurred in 
the development of DNA sequencing. Advances were being made in disciplines such as 
physics, chemistry and computer science that could be combined to molecular biology 
and introduce a technological breakthrough. At a certain time, a lot was known about 
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the structure and biology of DNA but all the detailed codes it might hold were yet 
mysterious and attention grabbing. Developments in DNA sequencing hold over 40 
years of vivid history. The most brilliant moments of all these years involve the chain-
termination sequencing method introduced by Frederick Sanger (1918-2013) in 1977 
[131]; starting one of the world’s major collaborative projects in 1990 as the human 
genome project [132, 133]; and the advent of large-scale parallel sequencing of 
plenteous DNA strands to enter the next generation sequencing (NGS) era across the 
21st century [134]. Novel sequencing technologies develop at a rapid pace delivering 
latest potentials to analyze DNA cheaper, faster, deeper and more sensitive towards 
single-molecule level. Today, scientists hypothesize and design experiments that were 
not even imaginable a decade back in time. Massively parallel sequencing (MPS) (aka 
NGS), aims at presenting bench-top instrumentation in bedside format to enable whole-
genome sequencing at reasonable cost and speed, applicable in clinics for personalized 
medicine; a perspective that yet lives its infancy, but emerges as rapid as no far from 
attainable [135, 136]. 

DNA sequencing process, disregarding the instrumentation type, involves three 
shared steps of sample preparation, deciphering the order of bases, and subsequent data 
analysis. A library of DNA fragments, ligated to adaptor sequences (compatible with 
instrument of choice) is prepared for sequencing on MPS platforms. The adaptors are 
used to immobilize single molecules on solid-support such as beads or microfluidic chip 
surface followed by emulsion PCR on beads or bridge amplification on chips 
respectively. The central sequencing step is mainly done via sequencing by synthesis, 
i.e. nucleotide bases are incorporated into complementary strands via step-wise 
polymerase-based synthesis and are detected by emitting a signal. Additional 
sequencing chemistries such as sequencing by ligation and amplification-free systems 
are also practiced. MPS platforms offer a simultaneous base incorporation and signal 
detection for every base. The source of signals and the chemistry used for base-
detection are diverse. Fluorescence-based detection systems are used in Illumina 
sequencing by synthesis (originally launched by Solexa as Genome Analyzer in 2006 
[137]) and SOLiD sequencing by ligation (introduced in 2006 by Life Technologies 
[138]). Chemiluminescence is applied in 454 instrument as pyrosequencing (provided 
by Roche; manufactured 2005-2013 [139]). Changes of pH in microenvironments are 
detected in Ion Torrent system (launched in 2010 by Life Technologies, today as a 
brand of Thermo Fisher Scientific [140]). Monitoring of polymerase activity on a single 
molecule is empowered by zero-mode wavelength (ZMW) on PacBio instrument 
(introduced in 2010 by Pacific Biosciences [141]). Other amplification-free platforms 
include former Helicos HeliScope (practiced 2008-2012 [142]) and nanopore 
sequencing (announced in 2012 by Oxford Nanopore Technologies [143]) with 
introduction of the pocket-sized MiniION sequencing chip in 2014 (Figure 13) [144, 
145]. Currently, the Illumina platforms (HiSeq and the bench-top alternative MiSeq) are 
the most practiced in research laboratories as the company claims [146]. 

In fact, DNA sequences are the raw ingredients of meaningful biological patterns. 
However, the journey from the obtained signal intensities to biological interpretations 
and functional annotations of sequences does not cross a straightforward path. The 
sequencing output often goes through different phases of processing and visualization. 
To date, the conversion of sequencing output as chromatograms, flowgrams, di base 
color encoding and optical measurements per se to actual base sequences, is commonly 
hardcoded into the instruments and the user is provided with strings of nucleotides in 
text format as well as a detailed quality overview. Nevertheless, the sequencing process 
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is merely partly completed as these data files are obtained. The subsequent data 
handling with regards to plausible error-profiles of the applied method is considerably 
impactful to report a reliable final data. The source of bias in sequencing is to a high 
extent instrument-dependent (or better to say chemistry-dependent). Despite all the 
recent technical advances, the longstanding Sanger sequencing is yet considered as the 
gold standard method for its outstanding raw accuracy. MPS platforms still struggle 
with unsolicited substitutions, insertions, deletions and ambiguities in homopolymeric 
regions. In general, these errors and consequent limitations on feasible read-length of 
each instrument are due to bias accumulation from imperfect or phased base 
incorporations, inadequate washing of labeled reagent remnants from previous synthesis 
cycles, imperfect chemical synthesis of labeled nucleotides and failures to detect an 
emitted signal [147]. In addition to sequencing bias, the reliance of library preparation 
on PCR-amplification introduces PCR bias as substitutions and chimeric constructs 
(Figure 11). Single-molecule sequencers getaway error-prone PCR processes, though 
present a statistical drop in accuracy by single reads per target. This feature is overcome 
by repeated reads of the identical fragment and subsequent statistical self-corrections 
[145]. 

 
Figure 11. On chimeric constructs 
 

Every technology breakthrough brings power and strength into science together 
with new challenges that create a gap between the anticipated theoretical potentials and 
applied possibilities in real practice. The swift of technological innovation and massive 
generation of sequences necessitate major bioinformatics infrastructures, not only for 
data refinement from probable bias, but also for massive data storage and subsequent 
interpretations [148]. Many efforts are devoted to support sequence data analysis with 
appropriate user-friendly annotation, visualizer software tools and comprehensive data- 
and knowledge- bases such as UCSC Genome Browser [149], Ensembl [150] and 
GenBank [151]. Indeed, the available possibilities to decipher meanings from 
sequencing data are mind-blowing, therefore it is most crucial to adapt the analysis 
process to the intended scientific goals of the experimental designs by clever informed 
decisions, to avoid convoluted conditions causing the users to stay in time with a huge 
amount of un-interpreted raw data on the counter [152]. Picturing the sequencing data 
analysis as a tree with divergent branches, sequence alignment depicts the main trunk 
with several layers. Accurate alignment of sequence reads from MPS platforms is 
fundamental to present precise consensus sequences and avoid confusion of misaligned 
positions as true sequence variants. Moreover, mapping the sequences to align with 
specific loci on a reference sequence is fundamental [153]. To improve the mapping 
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functions, joint reads of definite loci distance are used as paired-ends of 1kb distal 
elements and mate-pairs from fragmenting a circularized target of over 1kb. To name a 
few among numerous analysis options, branches encompass de novo assembly of novel 
genomes, investigating SNPs and CNVs as well as quantifications by considering co-
localized sequence read-counts (Figure 12) [152].  

 
Figure 12. On sequencing data analysis 
 

MPS platforms are recognized as effective technologies in molecular detection and 
quantification. It is believed that read-counts offer a digital output opposed to the 
analogous nature of optical measurements and the relative signal intensities [152]. 
Among MPS-based technologies that eventually replaced conventional alternatives are 
the investigation of genetic variations, deciphering the protein-DNA interaction sites 
and transcriptomic profiling by methods such as SBG (sequence based genotyping), 
ChIP-seq (Chomatin Immunoprecipitation sequencing) and RNA-seq. The traditional 
methods often involve sample analysis on DNA microarrays. A microarray is an 
organized structure of pre-designed probes (here complementary oligonucleotides) that 
are immobilized (printed) on a planar surface (chips) in micrometer-sized spots. The 
target DNA/cDNA samples or enriched DNA fragments in interaction to certain 
proteins such as chromatin components (ChIP) could be spread on the array to hybridize 
to the probes and be detected through various visualization approaches. Detection 
occurs through signal intensity measurements of known spots with defined coordinates 
for relative quantifications [154]. Alternatively, such DNA samples can be analyzed on 
MPS platforms. Sequencing data as output (in regards to microarray data) results in an 
elevated dynamic range and does not necessitate the pre-knowledge on sequences for 
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array-content pre-design. Though, the key disadvantage of sequencing as a powerful 
alternative readout is the notably higher expenses. Although sequencing cost per base is 
dropping sharply with constant technical improvements, it is certainly not yet equivalent 
to the alternative inexpensive options. A perfect compensation to the high cost stems 
from the current extreme capacity of the platforms that provides a large amount of data 
per single sequencing run. Therefore, by integration of sample-specific tags (Indexing) 
it is possible to combine and perform several investigations per run and obtain a lower 
cost per sample. In addition, by application of DNA barcoding, simultaneous analysis of 
several targets in complex samples would be feasible [155]. 

Protein Detection: A glimpse of Everyday Practice 
The scope of protein detection ranges from analysis of a few individual proteins to 

large-scale proteomics; from crude sample investigations to single-cell resolution and 
from a particular snapshot to a dynamic functional view over time [156]. Owing to the 
extreme complexity and dynamics, protein analysis goes beyond basic detection and 
quantification; and it additionally comprises of structural characterizations, PTM 
definitions, localization studies and network analysis of molecular interactions [109]. A 
single detection technique would never answer all conceivable questions to deconvolute 
the complexity of proteomes and a large variety of methods are practiced in proteomics 
research (Figure 13). Protein detection and characterization chiefly benefit from 
technical advances in physics and chemistry. Physical methods include deciphering 
structural details by X-ray crystallography; light absorption characterizations at certain 
wavelengths (spectroscopy) or precise mass determination of protein or peptide 
fragments by mass-spectrometry (MS). Chemical protein detection techniques employ 
target staining with detectable reactive labels such as radioactive compounds, metal 
chelates, fluorescent and organic dyes [157]. Label-free procedures such as particles 
entrapping for instant signal visualizations are also practiced [158]. Protein labeling 
might be universal to display the total protein content of a given sample or could 
specifically mark a certain part of the mixture by means of labeled affinity binder 
reagents [157].  

In order to reduce the complexity prior detection and to define the composition of 
proteomic samples, the mixtures can be separated on gels or in columns based on innate 
molecular properties such as size, charge, hydrophobicity or isoelectric point (pI). 
Common methods include 2D gel electrophoresis and SDS-PAGE, chromatography 
methods such as strong cationic/anionic exchange (SCX/SAX), reversed phase liquid 
chromatography (RPLC) and gas chromatography (GC), as well as isoelectric focusing 
(IEF) [159]. In addition to separation, depletion of samples from high-abundant 
molecules might be practiced to increase the ultimate assay sensitivity in detecting low-
abundant proteins of a complex mixture [160]. Targeting an individual or a certain 
protein group can be performed by enrichment of samples using affinity reagents as 
practiced by immuno-precipitation (IP) [157].  

To date, large-scale proteomics research is progressed dominantly through mass 
spectrometry based analysis in addition to a considerable contribution from affinity-
based methods. Integrated approaches of MS-based and affinity-based proteomics 
techniques are also practiced for targeted MS-based analysis of affinity-captured 
proteins in enriched samples [161]. MS-analysis, originally practiced in chemistry 
discipline, provides powerful instrumentation for the deep analysis of proteomes (as 
well as metabolomes). A typical MS workflow includes sample preparation, MS 
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analysis and data interpretation. A protein sample is often enzymatically digested prior 
analysis on MS instrument to generate peptide fragments (bottom-up or shotgun 
approach) and less frequently intact proteins are studied as top-down MS proteomics. 
The peptide/protein mixtures can be separated into multiple homogenized fractions to 
be analyzed individually. Additionally, a combination of separation methods as a two-
dimensional approach would benefit the analysis to perform a deeper detection of 
protein constitutes. Proteomic samples can also be labeled by isotype labeling and 
isobaric mass tags, which are used for quantification and enable multiplex 
measurements of samples in a single run [162]. MS analysis of prepared samples starts 
with ionization of molecules, chiefly through matrix assisted laser desorption/ionization 
(MALDI) or electrospray ionization (ESI) by means of a laser beam or massive electron 
bombardment respectively. The ions are then accelerated and pass through a sector with 
a strong electric or magnetic field. This sector distinctively affects velocity or mobility 
path of ions with different mass over charge ratios (m/z). Time-of-flight (TOF), 
quadrupole ion trap (Q), Orbitrap and Fourier transform (FT) ion cyclotron resonance 
are the commonly practiced systems for ion refraction. The degree of charged fragments 
deflection, which is a precise representative of the m/z value, is recorded in the MS 
detector by passing through or hitting a sensor surface. In protein identification, tandem 
mass-spectrometry (MS/MS) is also practiced, where a selected window of isolated ions 
are fragmented and characterized in a second subsequent mass analyzer. Fragmentation 
methods include collision-induced dissociation (CID), electron capture dissociation 
(ECD) and electron transfer dissociation (ETD). The MS output is an m/z spectrum for 
individual detected molecules. The compounds are identified through comparison of 
obtained m/z data to a mass spectra library and can be quantified by the given intensities 
[162]. Currently, large-scale MS-based shotgun proteomics covers a notable part of the 
human proteome by detection of over 5000 protein groups in a single typical run. MS-
based proteomics empowered by intense sample preparations claims a coverage record 
of over 10,000 protein groups [163]. However, the relative high sample volume 
requirement to increase the analysis coverage is a significant drawback for MS-based 
techniques. In addition, among the dynamic range of protein abundances, MS-based 
proteomics covers a maximum of four orders of magnitudes, while a typical human cell 
lysate would generate protein quantities exceeding seven orders of magnitude (ranging 
from 1 to over 107 copies per cell). Therefore, MS-analysis of biological samples often 
obligates a significant loss of data, mostly at the low-abundant and low-content tail of 
protein dynamics; and there is plenty of room for assay developments to present a 
deeper exploration into the proteome [164].  

On the other hand of proteomics research, affinity-based methods shed light onto 
the dark corners of proteome, by providing specific affinity reagents to target individual 
proteins of interest [164]. Affinity-reagents targeting nearly the whole human proteome 
are available that are being used in diverse applications. Other than affinity-capture and 
enrichment, affinity reagents can be labeled for target visualization and monitoring. 
Typical instances of labeling include visualization of separated proteins (such as in 
western blotting), imaging and immunoassays. Protein targets, especially in case of 
samples in solid-state such as tissue sections and fixated cells as stained through 
immunohistochemistry (IHC) are frequently analyzed through advanced microscopy 
techniques. Besides a marvelous revolution in biology with enabling examinations that 
were once impossible to the naked eye, modern microscopy continued to advance the 
field by providing techniques for multiplex, high resolution and 3-D imaging as well as 
live cell monitoring [165]. Affinity proteomics also enable sorting of selected targets by
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Figure 13. On the key milestones in DNA and protein detection with a reflection on the focus of technology 
developments (Dates are approximate and present the initial application of methods in protein or DNA 
detection or the commercialization as an instrument. The reflection is not aligned with the time scale.) 
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flow cytometry and fluorescence-activated cell sorting (FACS). To overcome the 
limitations of flow cytometry in multiplex detections, due to fluorescent spectral 
overlaps, mass cytometry (CyTOF) is applied which is based on tagging the affinity 
binders with rare heavy metal isotopes and perform the detection through inductively 
coupled plasma mass spectrometry (ICP-MS) [166]. 

An important part of affinity-proteomics involves the application of immunoassays. 
For an improved selectivity sandwich assays are practiced. A sandwich immunoassay 
involves the affinity capture of certain target molecules, to be enriched and detected 
through selective binding of a second affinity-reagent, that embrace the target in a 
sandwich format. A directly labeled detection antibody, or the use of a labeled 
secondary reagent that universally binds the primary antibodies, can enable the 
detection. The gold standard immunoassay is the enzyme-linked immunosorbent assay 
(ELISA) that is being practiced for over four decades. In ELISA the analytes are 
attached or immuno-captured on solid surface such as microtiter plate wells. Enzyme-
linked affinity binders are used for colorimetric signal generation that occurs followed 
by supplementing the substrate [167]. The great impact of ELISA in protein detection is 
noticeable by the variety of available reagents for divergent targets, automation 
workstations and various assay procedures (e.g. direct, sandwich and competitive). 
ELISA promoted many developments in immunoassay techniques with alternative 
readout methodologies. Such techniques mainly offer improvements in sensitivity and 
multiplexity and allow for single molecule detections and absolute counting of analytes 
(e.g. Quanterix single molecule array [168] and Singulex digital single molecule 
counting [169]).  

Commonly used Immunoassays are mostly practiced for detection of single to a 
few targets. In a higher throughput setting, proteins are analyzed in multiplex using 
array technologies. Such miniaturized techniques allow for lower cost and higher 
throughput imaging and examinations with a considerable reduction in sample volume 
and reagent requirements [170]. Several array formats exist among which planar 
microarrays and beads in suspension arrays are most practiced. Array-based techniques 
comprise of immobilized capture probes (commonly antibodies); or printed ligands to 
analyze selective binders existing in the samples (e.g. autoantibodies). Reverse-phase 
arrays e.g. tissue microarrays (TMA) and serum arrays are also practiced, in which 
samples are directly printed on array slides to be analyzed through various staining 
methods. Suspension bead arrays (e.g. the Luminex system [171]) apply color-coded 
micro-beads coated with specific capture molecules that can be used in a direct or 
sandwich immunoassay. The signals generated from the captured target molecules are 
detected together with parallel identification of the beads with specific IDs 
(corresponding to spot coordinates on planar arrays) [79]. Bead-based systems provide 
advantages of increased flexibility in solution-phase detection, simplified automation 
and feasibility of generating customized arrays by user-defined inclusion of selected 
beads (Figure 13) [172].  
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1.5. The Power of Innovative Combination 
The effective and efficient teamwork amongst a group of people with diverse 

backgrounds is undeniably constructive. As highly professional communities integrate 
by a shared objective, a broad scope of knowledge and skills are fused together to 
empower the advancements of the constructed multi-disciplinary science. Often the 
competent methods appear at the cross-borders of merged scientific disciplines and a 
combination of fruitful cooperation ultimately leads to fill the gaps of what current 
technologies are incapable of performance [173]. Focusing on the central dogma of 
biology, with the flow of information from DNA blueprint towards proteins and cellular 
functions, a deep-rooted dream has always been to reverse the stream and back-translate 
the functional composition of a cell to the digitalized linear information in DNA 
language. The key rationales behind that dream is to simplify the complex 
interconnected view of protein networks into a one-dimensional strand of 4 basic letters; 
where the DNA technology could feasibly contribute in proteomics advancements. In 
addition, the molecular amplification feature via PCR is the unique prosperity of 
genomics toolbox, an opportunity that is vividly missing in proteomics area. With the 
integration of DNA and protein technology, amplification of proteomic information 
might develop as a realistic fact [174]. Up to the present time, the direct transformation 
of protein material into DNA codes has not been presented. However, a clever design 
was demonstrated by Takeshi Sano et al in 1992 to integrate protein detection with a 
DNA readout. The method, termed as immuno-PCR (IPCR) applies a bio-conjugate 
construct from coupling a DNA oligomer to an antibody molecule [175]. This 
innovative structure enabled a conventional antibody-based immunoassay to generate an 
amplifiable signal in DNA format. IPCR generates up to a hundred thousand folds 
higher signals compared to the analogous conventional ELISA [176]; a success that 
could never be accomplished without a perfect combination of outstanding features 
from diverse research disciplines.  

Bio-Conjugation: DNA barcoding of Antibodies 
The original IPCR method in its initial format applied a chimeric structure 

composed of protein A and streptavidin moieties. The construct was produced by 
recombinant protein technology and was applied to link IgG antibodies to biotinylated 
DNA fragments through their affinities for protein A and streptavidin respectively 
[175]. Although the experimentations demonstrated an impressive concept, the original 
IPCR was suffering from key weaknesses that hindered its instant widespread use. The 
main bottleneck of the process was the DNA-antibody conjugation strategy, which was 
not adoptable to commonly practiced immunoassays. In first place, the protein A moiety 
would bind to any IgG molecule that might exist in the samples causing incoherent 
signals, in addition to impossible detection of specific IgGs as targets. This fact also 
interferes with intending a standard sandwich immunoassay using IgGs, since the 
capture antibody would directly bind to the detection complex through the protein A 
moiety, disregard of the target antigen presence. In addition to amplification, DNA 
readout would also facilitate multiplex measurements through parallel DNA detection. 
However, the instable non-covalent nature of the initially presented bio-conjugation 
hampers the process from multiplex applications as a result of possible cross-talk 
between antibodies specific tags [177]. Thus, the development of DNA-mediated 
detection techniques was closely related to the advances in DNA-antibody bio-
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conjugation. Along the previous decades, several coupling approaches were introduced 
to improve the DNA-antibody bio-conjugation including the use of different affinity 
binders such as alternative scaffolds and aptamers [178]. Protein-DNA chimeras 
(Tadpoles) and engineered binders with fused synthetic peptide nucleic acid (PNA) 
oligomers are also used for complementary based interaction with tagged DNA 
fragments at a high binding strength [179]. Covalent coupling strategies using chemical 
linkers provide the most stable bond that enables multiplexity, in addition to generating 
less freestanding DNA fragments as the source of background noise. The covalent 
DNA-antibody bio-conjugation is often practiced through N-Hydroxysuccinimide 
(NHS) chemistry, linking thiolated DNA fragments to amine groups on the antibody 
(from Lysine and Arginine residues). Rarely, thiol groups on partially reduced antibody 
molecules (from Cysteine residues) are used to form disulfide or ester bonds with 
thiolated or amin-modified DNA molecules respectively [177, 180]. In addition to direct 
covalent chemistries, indirect linking via phage display or adjoining nanoparticles are 
also practiced. DNA-barcoded particles allow for an increased quantity of barcodes per 
antibody molecule that might eliminate the requirement for subsequent PCR 
amplification, however the bulky structure could limit the detection assays by probable 
physical hindrance (Figure 14) [181].  

 

 
 

Figure 14. On examples of practiced bio-conjugation strategies 
 

The introduction of covalent conjugation paved the way for merging the concept of 
DNA barcoding with antibody-based protein detection. In a multiplex setting, each 
specific antibody can be tagged with a DNA fragment of a distinct sequence, resembling 
a particular barcode. DNA barcoding adds a handful of opportunities that the 
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immunoassays can benefit from. As formerly noted, the amplification of signal through 
PCR or RCA is evidently a valued advantage of DNA-mediated protein detection to 
present ultra-sensitive measurements. In addition, the opportunities for simple 
enzymatic operations to copy, cut, paste and join the DNA fragments, together with the 
practical complementarity rules provides a rich basis for assay design and development. 
Furthermore, the linear and digitalized DNA language as readout offers a more efficient 
signal considering parallelization and quantification than analogous optical 
measurements. Detection and quantification of DNA barcodes in multiplex and high-
throughput would be readily available through powerful nucleic acid technologies such 
as massively parallel barcoded sequencing and absolute quantifications at single 
molecule resolution [174].  

DNA-mediated protein detection 
To integrate the DNA-mediated protein detection into routine proteomics 

applications, additional improvements were required to advance the process and extend 
the readout potentials. The one-decade evolution of DNA-assisted proteomics presented 
various techniques that apply different bio-conjugation strategies, target capture 
approaches, combined with various technologies for nucleic acid amplification and 
readout. Outstanding methods, inspired by the concept of IPCR, are quantitative 
immuno PCR (qIPCR), immuno RCA (IRCA) and proximity ligation assay (PLA). IRCA 
applies a circular DNA probe to prime a rolling circle amplification by the antibody-
conjugated DNA fragment. This method generates detectable signals that are localized 
at the target position via the covalent linkage of the product-bundle to the bound 
antibody. The elegant method of PLA was developed at Ulf Landegren’s (born 1952) 
laboratory for specific DNA-mediated protein detection. The PLA concept includes the 
molecular detection by means of two DNA-barcoded specific antibodies targeting 
separate epitopes on the target. The double binding events lead to bringing the DNA 
tags into close proximity. This is followed by a ligation step, mediated by a 
complementary connector oligonucleotide and a ligase [182]. The ligated probe can then 
be visualized, detected or quantified. PLA method largely benefits from its double 
specific detection process with additional proofread from the ligation step. Besides 
specific detection, the greatest application of PLA is to investigate theories of 
interactomics with targeting distinct protein molecules that happen in proximate 
positions in complex structures. The proximity-based detection was the basis for several 
assay developments such as proximity extension assay (PEA) and IRCA using dual-
binders and a padlock probe as the connecting oligomer. In addition to in situ protein 
analysis, PLA has also been practiced in solution-phase assays with additional specific 
antibodies immobilized on capture beads (spPLA) [174]. This method is presented with 
various nucleic acid detection approaches such as parallel readout of DNA barcodes on 
MPS and dPCR for enhanced quantification [183, 184]. The emerging DNA-mediated 
immunoassays also appear in combination with advance technologies such as droplet-
based systems and microfluidics as well as nano-devices and biosensor technologies 
[93, 185]. These methods provide valuable opportunities for high-performance protein 
detection, to identify, quantify, locate and decipher interaction profiles through parallel, 
ultra-sensitive and high-resolution strategies. Thus, further developments in DNA-
mediated protein detection surely serve significant potentials in the future perspective of 
the next generation proteomics for large-scale and detailed investigations of complex 
proteomes. 
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2. Present Investigations 
here is a chain of events that leads to a successful study. The scientific method 
starts with a clever proposal of hypothetical questions based on a deep 

knowledge in impactful scientific features and clinical concerns. Then after, an 
informed selection of proper techniques or analytical reagents is to be made to 
accurately examine the proposed hypothesis. The next links of the chain are 
experimental design, performing the tests and interpretation of the results. Like a chain 
that is no stronger than its weakest link, if the proper methodology is missing, the study 
does not progress as anticipated, even though it would target the cleverest hypothesis or 
involves the finest data interpretation. Accordingly, science would be obligated to 
hypothesize questions that are inside a margin of what can be done by means of existing 
methodologies, and the questions that are impossible to examine remain unanswered. 
Therefore, an important link to be added to the chain of scientific success is the process 
of method development to expand the existing repertoire of techniques and improve the 
experimentation possibilities. The journey of method development initiates by 
identifying the limitations of existing methodologies to pinpoint what cannot be done 
yet. This is followed by hypothesizing alternative approaches to tackle the problems, 
push the limits and offering more potent techniques that make the impossible possible. 
Often, the journey of developing a method from the initial idea to appearing as a device 
or analytical kit on the bench of a laboratory for routine practice might take several 
years. Therefore, the long route is split into certain phases to accomplish the journey in 
well-planned steps that could be carried out by several research groups over time. After 
the initial design, the first goal is to demonstrate the primary confirmation of the method 
to be reliable for intended applications, known as the proof of concept. This stage is 
carried out by prediction, learning and controlling the systems, and is empowered 
through detailed documentation. Changing each part of standard procedures aiming at 
an improvement might disturb the balance and decline the methods efficiency in other 
aspects. Therefore, experimental designs to examine the predicted factors is required to 
be based on fundamental understanding of all system modules and has to be fine-tuned 
and controlled. Following the proof of concept, the next stages of the process comprise 
of confirmations in large-scale and multi-laboratory practice. This validation for final 
utility could lead to establishment as a standardized method/technique. As a final stage, 
the method refinement and further developments are to be done to meet the specific 
requirements of the field, which is often closely related to the application area. Perfect 
instances of such developments are robotic automation and integration of the newly 

T 
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developed technique to commonly used equipment of the time. To date, large-scale 
studies are among the key efforts of -omics research to address the immense complexity 
of life. The more samples, tissue types and time points, and the more molecular 
components are investigated in a measurement, the closer would become the data to the 
holistic view of the systems. Moreover, large-scale studies allow for time- and resource-
efficient research. Hence, developing methods to enhance such possibilities is eminent 
and impactful. To perform and improve a large-scale study, three criteria are to be 
considered in the phase of method development; (i) the vast availability of analytical 
reagents to cover a broad range of targets, (ii) the possibility of performing high-
throughput and multiplex analysis at an adequate sensitivity and specificity level, and 
(iii) being able to handle and explore a huge extent of convoluted data.  

The current thesis focuses on developing methods towards large-scale affinity-
proteomic measurements. The presented scientific results are the proof of concept to 
meet each of the different aforementioned criteria to empower large-scale research. In 
Paper I, an antibody labeling method is presented that is applicable on wide antibody 
collections to address a broad range of targets. In addition, the method can be automated 
to fit the requirements of high-throughput labeling for large-scale applications. In Paper 
II, the applicability of developed labeling approach is assessed in DNA barcoding of 
antibodies. The aim is to empower the DNA-mediated proteomics with availability of a 
much broader range of DNA-antibody bio-conjugates. Subsequently, the immuno-
sequencing (I-Seq) method is introduced for multiplex detection of blood plasma 
proteins with parallel DNA sequencing as readout. Paper III focuses on the 
improvement of DNA-mediated detection with integration of droplet-based systems to 
the presented I-Seq procedure (compartmentalized immuno-sequencing; cI-Seq). The 
purpose is to introduce initial means to overcome particular limits of current 
immunoassays. Finally, Paper IV aims at meeting the challenges in analyzing a large-
scale dataset from highly multiplexed barcoded sequencing studies. In the following 
sections, the objectives, methods and main results from each paper are further described 
and the original articles are included as appendix to this thesis. 
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2.1. Paper I – Direct labeling of antibodies  
Affinity-proteomics aims at specific characterization of certain proteins and 

affinity binders such as antibodies are extensively important for use in detection, 
identification, protein localization and under certain conditions for quantification (often 
relative) of target molecules. Rationally, interesting targets for the research project are 
the intention to select particular affinity binders. However, the availability of suitable 
binders often limits the targets that can be included in a proteomic measurement. 
Accordingly, an important aspect of promoting large-scale affinity-proteomics is the 
production of validated affinity binders (as practiced in the HPA project) to cover the 
entire proteome. Additionally, an important fact that is often neglected is the feasibility 
of antibody coupling to a detectable tag for signal generation. Immunolabeling involves 
tagging the antibodies with a fluorescent dye, an enzyme catalyzing a reaction with a 
colored product, a detectable particle or a ligand to be recognized by a secondary tagged 
binder. The signal visualization is often practiced via two main procedures of direct and 
indirect detections [186]. Directly tagged antibodies, also termed as primary antibodies, 
are used to stain the targets and can be directly detected by their label. In the indirect 
approach, non-labeled antibodies are visualized by using labeled secondary antibodies 
that often universally bind the applied primary antibodies. Except for signal 
amplification, the main reason for selecting an indirect approach is to circumvent the 
challenges of tagging each primary antibody in separate reactions, and to enable the 
preparation of a labeled antibody batch that can be used over longer time for universal 
purpose. However, application of direct labeling includes several advantages. In 
addition to reducing the staining time, direct labeling often eliminates the background 
noise as a result of using secondary antibodies and allows for the use of multiple 
antibody species of primary binders per staining experiment. Using distinct tags on 
different primary antibodies, it would also allow for multiplexed investigations [186]. 
Nevertheless, a particular bottleneck in direct tagging of antibodies is the requirement 
for large antibody amount that needs to be purified before the labeling reaction. In fact, 
numerous antibodies are offered only at scarce quantities, which are tens to hundreds of 
times less than the minimum requirements for an effective labeling reaction. In addition, 
antibodies are commonly provided in amine-containing buffers or are supplemented 
with stabilizer proteins that quench many labeling reagents, therefore obligate a pre-
purification step. Mandatory purification might cause considerable antibody loss on 
separation or desalting procedures. These facts would limit the antibody choice and 
ultimately hamper the proteomic applications from being extended to a large-scale level. 
In Paper I, we aim at developing a convenient method to covalently label small 
quantities of antibodies that might not be provided as a pure solution. To enhance the 
labeling efficiency at low reagent amounts, we have performed a solid-phase reaction 
on magnetic beads that additionally enables in-built purification. Superiority of the 
bead-assisted protocol (BAP) is shown over commonly practiced in-solution 
methodology. Moreover, no effect of extra supplements (1% BSA) is observed on BAP 
labeling, whereas in-solution method failed on impure antibody. In the presented work, 
protein A coated particles are applied for immobilization and bead-assisted labeling of 
monospecific rabbit IgGs. Automation of the process on a magnet-equipped robotic 
station allows for parallel labeling of several primary antibodies in less than 3 hours, 
which leads to the availability of directly labeled antibodies for large-scale and high-
throughput studies. We demonstrate fluorescent dye-labeling and biotinylation on 
nanograms of ten antibodies as a proof of concept, that theoretically covers the 
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possibilities to label entire antibody repertoire from the Human Protein Atlas. To 
confirm the functionality of labeled antibodies in selective target binding and 
applicability in routine immunoassay techniques such as planar and suspension bead 
array experiments are performed (Figure 15).  

 
 

 

 
 

Figure 15. On Paper I (adapted from Dezfouli et. al. Proteomics, 2014 Jan;14(1):14-8) 
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2.2. Paper II – DNA barcoding of antibodies 
DNA-mediated immunoassays are powerful proteomic tools to detect targets at an 

elevated sensitivity and improved multiplexity. Few numbers of distinguishable labels 
on primary antibodies can be applied in parallel on a single optical measurement, 
however DNA-tagging of antibodies provides a huge potential for multiplex assays. The 
dream of large-scale DNA-mediated protein detection passes through the possibility of 
preparing the required reagents in high-throughput format. The main bottlenecks in 
DNA barcoding of antibodies for large-scale application, is adaptation of the bio-
conjugation methods to utilize small quantities of antibodies (as discussed in Paper I), 
and to reduce the use of DNA barcode amount. The adaptation of presented bead-
assisted protocol in Paper I for high-throughput DNA barcoding of antibodies is 
assessed in Paper II. This allows for the use of minimal antibody amounts in bio-
conjugation reaction that opens possibilities to apply numerous available antibodies. By 
availability of such a broad barcoding method, the only limiting factor for multiplexing 
the assays would be the cross-reactivity between antibodies in a pool, which remains to 
be addressed in other research fields as in protein engineering. In addition to the 
antibody amount, the quantity of DNA-barcode applied in the bio-conjugation reaction 
is preferred to be reduced as much as possible. This is not due to low availability of 
DNA-barcodes, though the less DNA molecules are used in the bio-conjugation 
reaction, the less free molecules would potentially escape the final purification and 
follow into the barcoded antibody sample. DNA is a charged molecule that is sticking to 
several materials including the abundant proteins, surface or particles, which interferes 
with efficient purification. The remaining free barcodes are problematic for detection 
assays, as they can be amplified without the presence of a specific target molecule, 
therefore increasing background noise and decline assay resolution [187]. In addition, 
by application of a large amount of DNA in bio-conjugation step, the risk for barcode 
contamination between samples rises dramatically. A tiny drop of DNA at micromolar 
concentration, invisible to naked eye, can contain more than a billion molecules that 
readily spread around similar to dust particles. In case a few number of an alien barcode 
reaches into a sample under investigation or cross-contaminate a distinct barcode 
sequence, it can be amplified and cause impaired multiplexity, ambiguous data or 
elevated background noise. Considering that currently used bio-conjugations apply 
milliliters of DNA-barcode (at 1 micromolar) for each coupling reaction, the high risk 
of contaminations is comprehendible and impaired barcoding would particularly arise in 
large-scale productions. Considering these facts, application of a reduced amount of 
DNA-barcode and efficient purification of bio-conjugates from free DNA molecules are 
clearly impactful. In addition, to guarantee a high quality data, the bio-conjugation of 
each individual antibody is often carried out separately and the detection immunoassay 
is performed in a clean lab environment apart from the location of barcoding assays. In 
Paper II, we show DNA barcoding of 21 antibodies (monospecific rabbit IgGs and 
polyclonal goat IgGs) on the bead-assisted automated system as a proof of concept, with 
application of solely one microgram of antibody and 2 microliters of DNA-barcode (at 1 
micromolar) as starting material. We also demonstrate efficient reduction of free 
barcodes prior the detection step to a non-detectable level (comparable to measurements 
on pure water). Having the prerequisites for large-scale production of DNA-barcoded 
antibodies, we show the proof of concept for functionality and applicability of produced 
bio-conjugates in the ultimate proteomic application. For that purpose, we assess the 
linearity of signals on detecting a dilution series of recombinant protein standards, and 
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perform a spike and recovery test in human blood plasma. The barcoded antibodies are 
successfully used to detect three protein targets in the complex plasma, with strong 
correlation to concentration ranges. An inspiring application of DNA barcoding that is 
shown in Paper II is the use of barcoded antibodies in multiplex protein measurements 
via read-out on massively parallel DNA sequencing. We call the method of immuno-
detection coupled to sequencing readout as Immuno-sequencing (I-Seq) and 
experiments are performed to demonstrate the proof of concept in a model system on 
suspension bead arrays. This possibility is demonstrated by correlation of the antigen 
amounts and sequencing read-counts, from experiments on 15 targets in multiplex, with 
confirmation of data on standard array-based measurements (Figure 16). 

 
 

 

 
 

Figure 16. On Paper II (adapted from Dezfouli et. al. 2014 Proteomics Nov;14(12):2432-2436) 
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2.3. Paper III - droplet-based Immuno-sequencing 
Recent advances in DNA-mediated proteomic studies provide the means for 

sensitive, specific and multiplex measurements. In particular, dual-specific 
immunoassays based on ligation or extension of oligonucleotide probes on antibodies 
(PLA/PEA) are practiced in high performance for multiplex detections and absolute 
target quantifications [174]. In Paper III, we aim at improving the DNA-mediated 
detection methodology to empower large-scale analysis, yet maintaining the 
advantageous features of current techniques. For that purpose we combine the presented 
I-Seq method with massively parallel barcoding of droplets (an in-house ongoing 
project; manuscript under review) and describe a method we call compartmentalized 
immuno-sequencing (cI-Seq). The immunoassay is a bead array in suspension, utilizing 
coupled monoclonal capture antibodies on carboxylated magnetic beads for a sandwich 
set up. The beads are incubated with the targets to be detected, and are stained with 
DNA-barcoded detection antibodies. This mixture is emulsified to generate droplets that 
entrap immune-complexes on beads in a controlled procedure that allows for a single 
bead per droplet. Emulsification mixture also includes a degenerate DNA fragment at a 
concentration that ensures the presence of on average one molecule per droplet, which 
acts as a specific droplet barcode. With this set-up, the information from antibody 
barcodes carried on each single bead is in a closed compartment with a droplet barcode. 
These information are connected together via a two-step emulsion PCR (emPCR). The 
droplet barcode is clonally amplified to a set of identical copies and extended to include 
a connector sequence. In the subsequent step, each molecule of the connector-activated 
droplet barcode is hybridized to an antibody barcode and is amplified with available 
corresponding primers. For subsequent steps, the two primers contain handles for 
sequencing and biotin tags for enrichment of full-length products on streptavidin coated 
magnetic beads. The first benefit of the compartmentalization is the ability to add 
proofread to the I-Seq method from more than one detection antibody (aka double-
specificity). The information from both binders on a single bead particle is coupled to 
identical copies of the droplet barcode, and therefore can be traced back to a shared 
droplet. This feature is comparable to proximity-based techniques; however, in such 
methods a narrow proximity range has to be considered for the selection of dual binders. 
The two epitopes that are recognized by detection antibodies cannot be too far or too 
close, and a successful ligation requires a defined proximity range. This restriction 
limits the selection of antibodies and therefore hinders a broad reagent availability for 
large-sale investigations. cI-Seq does not necessitate any restriction on the antibody 
choice and therefore offers an opportunity for analyzing a larger target set. Moreover, a 
proofread from a second detection antibody is gainful only if the two antibodies show a 
comparable binding efficiency. If the additional detection antibody binds the target a 
thousand times weaker than the first, the combination of data from both binding events 
works more specific, but is a thousand times less potent in detecting all targets, and thus 
resulting in a dropped resolution (i.e the efficiency of a dual binding event is not the 
sum of potencies from the two antibodies in pair, but performs at best only as good as 
the weakest one). A promising additional feature of cI-Seq is a clear demonstration of 
all events that are happening in each droplet compartment, from single binding events to 
imbalanced dual bindings, and un-expected combinations of irrelative antibody pairs. 
This option might not improve the ultimate detection output, however, it provides a 
unique opportunity to deconvolute the details of a multiplexed immunoassay. In Paper 
III, we show a proof of concept in cI-Seq procedure for initial testing of the emPCR 
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design. Multiplex target detection in a model system is shown with detailed analysis of 
binding events. Moreover, three clinically relevant protein targets are detected in human 
blood plasma to confirm applicability in ultimate proteomic investigations. The read-out 
is done via massively parallel sequencing of the enriched and purified emPCR products. 
To assess successful emPCR from amplification of a single molecule of droplet barcode 
electrophoretic analysis of the product is done, which confirms the correct fragment 
size. In the model system, two peptide antigens are analyzed in multiplex with four 
combinations of concentrations. The ratio of obtained sequencing read counts from 
particular antibody barcodes corresponds well with values of expected recognition 
events. Furthermore, in multiplex detection of three plasma proteins, we observe the 
correlated sequence read-counts to expected target concentrations as well as 
confirmation from standard array-based detection of the same samples on Luminex 
platform (Figure 17). 
 
 
 

 
 
 

Figure 17. On Paper III  
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2.4. Paper IV – Large-scale sequencing data analysis 
The huge capacity of massively parallel sequencing (MPS) instruments paved the 

way for a great opportunity in large-scale analysis of sequences. The mission started 
with investigating genetic materials by revealing the sequence of larger and more 
complex genomes [188] and continued to perform comparisons between certain sample 
cohorts and deciphering associations of sequence variants to particular phenotypes, 
traits or ancestries [189]. Subsequently, large-scale barcode sequencing significantly 
improved massive parallel investigations. Although current instrumentation facilitates 
the generation of an extreme amount of data, analyzing a large dataset remains 
challenging and proceeding data refinement for reliable interpretations is necessary. In 
Paper IV, we present the analysis of a huge barcoded dataset of genetic variations. 
Sequence variant investigations might include the whole genome data as in genome 
wide association studies (GWAS) or focus on analyzing a few SNPs in a population. An 
interesting section of genomes to be analyzed for genetic variations in large-scale is the 
most polymorphic exons that encompass a relatively high number of SNPs in a rather 
short DNA fragment. In general, a SNP occurs on average per every 1000 bases of the 
human genome, however the highly polymorphic regions show an extreme density of a 
variation per a few couple of bases [190]. The SNP-rich segments also present a diverse 
set of distinct linkage patterns that define numerous divergent haplotypes. Although 
impressively informative, studies of polymorphic regions by sequencing are evidently 
sensitive to sequence imperfections and plausible errors that might lead to false SNP 
reports and incorrect haplotype information. Traditionally, for an accurate sequence 
based typing (SBT), Sanger sequencing is performed. However Sanger encounters 
difficulties in analyzing a pool of mixed fragments to distinguish divergent haplotypes 
[100]. This is due to multiple overlapping signals that appear at same base positions 
without additional knowledge of the linkage pattern along the individual DNA 
fragments. Therefore, SBT on Sanger often includes a cloning step in bacteria to 
separate individual alleles. Nevertheless, substitutions and recombination events could 
occur in bacterial repair and replication system, biasing the final output. In addition, 
large-scale studies are not compatible with labor-intensive and time-consuming 
individual sample preparations and cloning procedures. MPS platforms on the other 
hand provide in-built clonal information of sequencing data and enable parallel analysis 
of numerous samples [191]. As a result, MPS-based typing is currently of great research 
interest, though as previously mentioned, significant efforts are required to improve and 
accelerate the data analysis phase.  

Pitfalls from large-scale MPS-based haplotyping include three main error types; i) 
fragment shifting during sequencing-reads alignment ii) PCR and sequencing errors 
causing base substitutions, and iii) chimeric structures mainly formed by amplification 
of a complex mixture. These challenges added up to the platform-specific limitations 
hamper the application of MPS for widespread utility in haplotyping experiments and 
clinical practice. Often, each of the above-mentioned inaccuracies are trimmed and 
polished in separate procedures via manual investigations or application of 
computational packages to present a high quality data for final haplotype assignments. 
This is time-consuming and can cause accumulation of bias from each of analysis steps. 
Commercial software tools are also available for haplotype assignment to MPS data 
[192, 193], however in practice these tools are rather platform-dependent, sequence 
dependent or best perform with availability of a rich reference panel and are not 
primarily designed for novel discoveries. In addition, most procedures do not allow for 
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manual monitoring of the computational procedures and the end-user is not capable of 
tracing back any potential bias in the final data. Principally, a single solution for all 
applications does not yet exist to the best of our knowledge and many bioinformatics 
efforts are currently devoted to improve this issue. 

In Paper IV, we present an instance of large-scale sequence data analysis; the 
study involves exploring the second exon of DLA DRB1, as an important and highly 
polymorphic part of MHC region in the dog (Canis familiaris) genome. Over 3000 
specimens were sequenced in a single run of 454 instrument through DNA barcoding 
via a dual-tagging procedure [72]. Although the experimental method is impressive in 
massively parallel sequencing of a huge sample set in multiplex, the introduction of a 
high level of bias hampers the method from widespread application in MPS-based MHC 
typing. In Paper IV, we illustrate the main sources of errors in this data and address the 
bias to present an accurate and well-characterized output using an in-house python 
script. Such large-scale haplotyping data is extremely precious in the sense that it 
reveals novel variations of the important exon, as well as potentials for subsequent 
biological interpretations. In the current study we define 64 novel variants of the exon 
as well as introducing five new SNVs. Statistical investigations of the obtained data 
enables data evaluation in different perspectives as well as assignment of specific 
quality scores to identified variants. Additionally, confirmation of sequences from a 
random subset of data is shown on standard vector-based Sanger sequencing  (Figure 
18).  
 

 
 
Figure 18. On Paper IV  
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3. Concluding Remarks 
 

he -omics studies have undergone revolutionizing rapid advancements over the 
last decades and promising novel technologies emerge everyday to decode the 

complexity of biology and understand the fine details of life. There are growing 
demands to perform large-scale investigations over a huge sample cohort or even 
analyze a trait at a population level. However, widening the perspectives of an assay to 
such extent would harm the resolution of the overall picture by missing the detailed 
features. Scientists in the area of method development approach a scope of analysis, at 
which single cells and molecules are detected in complex mixtures in a high-throughput 
format, enabling accurate, sensitive and real-time monitoring of live material. The path 
towards this goal definitely involves contributions from several research areas in a 
multi-disciplinary manner. Genomics and advanced DNA sequencing technologies, 
transcriptomics, mass spectrometry in proteomics and metabolomics, production and 
improvement of antibodies and alternative affinity binders in affinity proteomics, 
miniaturizations and nanotechnology, together with computation and bioinformatics are 
a short list of components that would greatly contribute to the revolution in molecular 
biology for the years to come. In the current thesis, we have described a journey of 
method development to present the proof of concept on techniques that can facilitate the 
advancement of large-scale studies, particularly in parallel proteomic detections.  

Paper I enriches the antibody repertoire, as the first line barrier to enlarge a target 
set, by introducing a downscaled labeling technique that is compatible with various 
available antibodies. The best feature of the bead-assisted labeling method is its 
flexibility in the selection of different reagents (i.e. beads, antibodies, labeling reagent, 
buffers). By utilizing alternative bead-coating, several antibody species or other affinity 
binders can be immobilized on solid-phase and be labeled. For instance, antibodies 
generated in mouse can be labeled through the same procedure but replacing protein A 
beads with protein G alternatives. In addition, other ligands can be used on beads to 
capture different antibodies or even non-Ig molecules. If the peptide epitope of the 
antibody is used for capture on beads, the labeling can be ensured to occur on the 
locations other than the antigen binding sites and minimally affect the antibodies 
selectivity. The proposed method is also flexible in the selection of labeling reagents 
and the user can define volumes, incubation times and buffer reservoirs on the 
automated set-up. This feature is practical, since several alternative labels are available 
for various applications based on similar reactions known as the NHS chemistry. 
Therefore, the presented method can be readily adapted to be utilized for the desirable 
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tagging procedures. Further developments of the labeling might include measures to be 
able to control the degree of labeling and approaches to perform site-specific tagging on 
antibody structure.  

Considering the intriguing applications of DNA-mediated proteomics, Paper II 
attempts to enhance large-scale detections by providing methods to generate a broad 
range of DNA-barcoded antibodies in high-throughput format. Although multiplex 
applications are limited by the cross-reactivity between pooled antibodies, and do not 
yet promise for a great expand in parallel measurements, additional possibilities that a 
convenient and reliable antibody barcoding system would provide are significant. As 
the proposed method can potentially be applied on numerous available antibodies, the 
DNA-mediated proteomics measurements would access a larger barcoded antibody set 
to examine a much broader range of targets. Moreover, the readout on massively 
parallel sequencing platforms is additionally advantageous, particularly in assay 
parallelization and throughput.  

To further develop DNA-mediated proteomic techniques, Paper III demonstrates 
the application of barcoded antibodies combined with droplet-based techniques for 
comprehensive parallel protein detection. The possibilities to perform double specific 
bindings without the restriction to epitope locations broaden the assay for larger affinity 
proteomic practice. In addition, for the presented method, there is no limit to utilize 
solely two antibodies, and information from multiple binders per target (if available) 
can be joined and analyzed. In that sense, double-specific assays can improve to 
multiple-specific measurements. This feature is also advantageous for investigating 
protein interactions in large complexes of several subunits. The proposed method 
ultimately aims at a high-resolution DNA-mediated proteomics, in which all molecular 
details of immuno-recognition events are tracked and single molecule detection is 
readily achievable. Further dilutions of the samples to achieve single molecule counts 
per droplet, and deep readout for ultra-sensitivity could develop the system towards that 
aim. Furthermore, by barcoding of each experiment with a distinct sequencing index, 
parallel readout of multiple measurements is achieved on a single sequencing run. 
Therefore, despite the current multiplex methodologies, cI-Seq is potent to provide 
multiplexity in two simultaneous dimensions (i.e. to enable the analysis of multiple 
targets in multiple samples). 

Last but not least, Paper IV deals with the large-scale data analysis to meet the 
main challenges and present an accurate sequencing output for highly multiplex 
investigations. In addition to the analysis concept, the presented dataset is valuable, 
working on haplotype inference on thousands of canine MHC sequences that are 
sampled worldwide. The ability to haplotype such a great number of samples in 
multiplex and accurately report the MHC alleles is particularly impactful, not only for 
clinical research but also regarding population genetics and evolutionary studies. 
Further scrutinizing of such sequencing data of a polymorphic and vitally conserved 
region of genomes, would tell many stories on the history and the pattern of species 
dispersal around the world. In this respect, dogs are of great research interest due to 
several reasons. They are of numerous types and breeds that offer a huge variation 
worldwide, with a vast utility ranging from watchdogs to toy pet animals. Dogs are 
unique as being the first domesticated animal that most probably accompanied humans 
in many crossings. Hence, its dispersals around the world would shed lights not only on 
dog’s evolution but also on the ancient human history [194].  
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In brief, this thesis describes initial steps in improvements of reagents preparations, 
experimental designs aiming at large-scale measurements, as well as computational 
advances for complex data handling. Through further development of each step and 
combination of all achievements, ultra-sensitive DNA-mediated proteomic 
measurements would become achievable for highly multiplex studies at a notably 
improved molecular resolution. Considering the technical advances of the proteomic 
field, and emerging studies in systemic design to integrate multi-disciplinary data, the 
next generation of proteomics research would reach promises to beat the complexity of 
proteomes and reveal substantial amount of knowledge over the molecular contents, 
interactions and functions. Indeed, many further steps are to be taken and no scientific 
work is considered as the ultimate achievement. Science continuously advances through 
learning, inspiring and creating. That is the finest beauty of the never-ending 
development of novel technologies. Therefore, I conclude with prospecting a bright 
outlook of the field, when the scientific power overtakes the life complications to cure 
and prevent diseases and further increase the value of life. 
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