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ABSTRACT 

Advances in molecular methods for analyzing DNA, RNA and proteins in humans as well as 
in other animals, plants, fungi, bacteria or viruses have greatly increased the resolution with 
which we can study life’s complexity and dynamics on earth. While genomic, transcriptomic 
and proteomic laboratory tools for molecular diagnosis of disease are rapidly becoming 
more comprehensive, the access to such advanced yet often expensive and centralized 
procedures is limited. There is a great need for rapid and comprehensive diagnostic 
methods in low-resource settings or contexts where a person can not or will not go to a 
hospital or medical laboratory, yet where a clinical analysis is urgent. 

In this thesis, results from development and characterization of novel technologies for DNA 
and protein microarray analysis are presented. Emphasis is on methods that could provide 
rapid, cost-effective and portable analysis with convenient readout and retained diagnostic 
accuracy. The first study presents a magnetic bead-based approach for DNA microarray 
analysis for a rapid visual detection of single nucleotide polymorphisms. In the second work, 
magnetic beads were used as detection reagents for rapid differential detection of presence 
of pestiviral family members using a DNA oligonucleotide microarray with read-out by 
means of a tabletop scanner or a digital camera. In paper three, autoimmune responses from 
human sera were detected on a protein autoantigen microarray, again by means of magnetic 
bead analysis. Here, special emphasis was made in comprehensively comparing the 
performance of the magnetic bead detection to common fluorescence-based detection. In 
the fourth study, an immunochromatographic lateral flow protein microarray assay is 
presented for application in the classification of contagious pleuropneumonia from bovine 
serum samples. The analysis could be performed within 10 minutes using a table top 
scanner, and the performance of the assay was shown to be comparable to that of a cocktail 
ELISA. In the fifth paper, the lateral flow microarray framework is investigated in further 
detail by means of experiments and numerical simulation. It was found that downstream 
effects play an important role, and the results further suggest that the downstream binding 
profiles may find use in simple affinity evaluation. 

Keywords: magnetic microbeads, gold nanobeads, microarrays, lateral flow, on-site 
diagnosis, SNPs, pestivirus, autoimmunity, contagious bovine pleuropneumonia, comsol 
multiphysics, finite element method 
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"If we shadows have offended, 

Think but this, and all is mended, 

That you have but slumber'd here 

While these visions did appear. 

And this weak and idle theme, 

No more yielding but a dream, 

Gentles, do not reprehend: 

if you pardon, we will mend. 

And, as I am an honest Puck, 

If we have unearned luck 

Now to 'scape the serpent's tongue, 

We will make amends ere long; 

Else the Puck a liar call; 

So, good night unto you all. 

Give me your hands, if we be friends, 

And Robin shall restore amends." 

The Puck’s closing speech at the end of 

“A Midsummer Night’s Dream” 
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Introduction 

Today, diagnostic assays performed in research institutes and medical laboratories can be 

employed to investigate presence or levels of thousands of molecular biomarkers from 

patient samples with the aim of identifying the cause of ailments, assess what is the best 

choice of medication and dose for an individual, discover early signs of disease or reveal 

elevated disposition for adverse conditions. Further, the number of discovered diagnostic 

biomarkers will likely continue to grow together with the improved performance of 

biochemical assays and sophistication of bioinformatic methods [1, 2].  

However, while for instance genetic sequencing technologies and proteomic analyses are 

tools that can aid medical professionals provide patients with adequate diagnosis and care, 

such techniques generally rely upon expensive, bulky equipment suitable for centralized 

laboratories and regions where adequate financing of public health and primary care is 

available. Consequently, there is a great need for novel technologies that can remodel 

laboratory-based tools into such formats that can be applied in low-resource, mobile 

environments. 

In this thesis, the development, application and characterization of modified planar 

microarray assays is presented. Paper I-III demonstrate the application of magnetic 

microbeads as agents of accelerated multi-parameter analysis on DNA and protein 

microarrays, with facilitated read-out by means of tabletop scanning and digital 

photography. In paper IV and V, the presented work is directed towards characterization of 

a lateral flow microarray assay system, with the aim of evaluating to what extent microarrays 

could be incorporated successfully in a format common to rapid tests. The performance, 

advantages, disadvantages and applicability of the two modified microarray assay 

technologies is discussed. 
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1 Rapid testing as part of global public health strategies 

1.1 Mapping the global burden of disease 

In 2008, globally almost 57 million people lost their lives, amounting to almost 1% of the 

World’s total population [3]. The World Health Organization (WHO) in the Global 

Burden of Disease report [4] succinctly summarizes, “In Africa, death takes the young; in 

high-income countries, death takes the old”, and illustrates the statement by noting that in 

the African region as a whole, 46% of all deaths recorded were among children aged under 

15 years. In high-income countries, the fraction of deaths by children under 15 years is less 

than one percent (figure 1.1a). 

  

Figure 1.1a Per cent distribution of the age when death takes place in 
different regions [4] 
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While the causes of death and poor health are stratified by such factors as gender, age, socio-

economic background, risk-behavior and quality of prevention work [5, 6], the gross 

domestic product (GDP) per capita measure can be used to group countries into broad 

categories with different challenges. According to WHO definition, low-income countries 

are those with GDP per capita of less than $825, while high-income countries have a GDP 

per capita in excess of $10.066. When such a grouping is made, substantial differences in the 

patterns of the leading causes of deaths can be observed (table 1.1a).  

 

  

Table 1.1a Leading causes of death in four income regions of the 
world in 2004 [4] 
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In high-income countries, the major causes of death include non-communicable diseases 

related to the heart and blood vessels including stroke, and many cancers. These conditions, 

as well as demential diseases such as Alzheimer’s disease, are more likely to develop with 

advanced age [7-10], and consequently developed countries with high income, advanced 

health care and long life expectancy demonstrate high rates of such non-communicable 

diseases. Some cancers, such as breast cancer, prostate cancer and colorectal cancers all have 

high incidence rates in high-income countries and low incidence rates in low-income 

countries. However, mortality rates due to cancer are steadily decreasing in high-income 

countries at the same time as incidence rates increase or remain high (figure 1.1b). This has 

been attributed to high-income regions having more adequate and available diagnostic 

screening and treatment programmes, as well as preventive measures such as 

comprehensive information campaigns [11]. 

 

 

 

 

 

 

 

 

 

  

  

Figure 1.1b Historical cancer incidence and
mortality rates among men and women in the USA. 
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While most cancers and diseases related to advanced age are common primarily in high-

income regions, two conditions that have become prevalent in low- middle and high income 

regions alike (with the important exception of sub-saharan africa) are overweight/obesity 

and lung cancer. Both conditions result in substantial health deterioration, and the common 

denominator of the two is the strong connection to socioeconomic position (SEP) and 

social origin [12]. Overweight/obesity has been shown to coincide with increased risk of 

developing cardiovascular disorders [13] and various cancers [14], and displays a high and 

rising prevalence among vulnerable socioeconomic groups globally [15]. Further, WHO 

has predicted obesity to soon replace the presently dominating health concerns, such as 

malnutrition and infectious diseases as the most significant cause of poor health [16], with 

an expected global prevalence rate of more than two billion overweight, and among them 

more than one billion obese persons in 2030 [17].  
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Globally, lung cancer is the most common cancer. While it is very difficult to treat 

successfully [18], improved diagnostic methods may provide accurate early identification of 

disease as well as improve clinical decisions regarding therapeutic strategy [19]. Smoking is 

the strongest general determinant of lung cancer, causing more than 80% of all new cases, 

and the habit significantly increases the risk of developing also other conditions such as 

strokes and heart attacks [20, 21]. Further, smoking has a very high global prevalence with 

1.45 billion predicted smokers by 2010 and more than 5 million estimated yearly deaths 

[22]. Tobacco use is growing fastest in low-income countries, and it is estimated that in 

2030, 80% of tobacco-related deaths will occur in low- and middle income countries. While 

comprehensive anti-smoking strategies may be successful in curbing tobacco use [23], 

accurate diagnosis of disease will likely become an increasingly important complementary 

approach together with adequate treatment in reducing the harmful effects to the world’s 

smoking population [19]. 

Mortality rate and life expectancy in different populations can be strong indicators of poor 

conditions for health. However, they are limited in the extent to which information about 

the severity of a condition in other respects, such as degree of incapacitation , pain or 

stigmatization. In an attempt to provide a quantitative indicator of the amount of harm a 

disease or condition is causing a population, the “disability adjusted life years” (DALY) 

proxy was constructed by the WHO. This DALY amalgamates two other proxies, the years 

of life lost (YLL) due to a particular condition, and the years lost due to disability (YLD) 

that takes into account how debilitating a condition is on average.  
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In table 1.1b (next page), the burden of disease, in terms of DALYs is shown in different 

regions of the world, with sub-grouping of the type of disease that contribute to the DALYs. 

Africa as a region has by far the highest proportion of DALYs and many of the biggest 

contributors to the high DALY number in the low-income group are practically non-

existent in high-income regions, including for instance diarrheal diseases, HIV/AIDS, 

tuberculosis, neonatal infections and malaria [4]. When country income groups are 

compared, it can be seen that the population in high income countries in contrast lose 

healthy life years mostly due to unipolar depressive disorders, cardiovascular diseases, 

dementias and disorders related to alcohol use, while population in low income countries 

loose healthy life years due to lower respiratory infections, diarrheal diseases, HIV/AIDS 

and Malaria.  The disparity in the causes of disease burden in different regions suggests that 

case managing resources and efforts to the local needs is essential.  
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Table 1.1b The burden of disease in four income regions of the world [4]. 
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1.2 Future projections of global burden of disease 

WHO predicts that in the future, leading up to 2030, cancers as a cause of death will globally 

increase in number and in the relative proportion of the total annual deaths, as will 

cardiovascular diseases, with a projected decline in conditions related to communicable 

diseases, poor nutrition and lack of sanitation (figure 1.2). These estimations are founded 

upon trends indicating improved income, living conditions, education and health care 

resources in several regions [4]. While the suffering from conditions resulting from poverty, 

sanitation issues, malnutrition and lack of basic health care resources is thus predicted to 

decline, the trend of an increasing global burden of disease counted in millions of DALYs 

suggest that comprehensive and dynamic distribution of health care resources will be even 

more important in the years to come. 

 

Figure 1.2 Projected number of deaths globally for selected causes [4]. 
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1.3 Efforts towards global public health 

In the January issue of Science, 1921,  Charles-Edward Amory Winslow suggested that 

public health could be defined as  “the science and art of preventing disease, prolonging life 

and promoting health through the organized efforts and informed choices of society, 

organizations, public and private, communities and individuals” [24]. Later, in the preamble 

to the constitution of the World Health Organization in 1946, health was defined as “a state 

of complete physical, mental and social well-being and not merely the absence of disease or 

infirmity” [25].  In an effort directed towards developing a global strategy for improved 

global public health, the United Nations in 2001 issued the so called Millenium 

Development Goals, which are a list of eight international development goals that 192 

United Nation members have agreed to achieve by the year of 2015, with the aim to a) 

Eradicate extreme poverty and hunger b) Achieve universal primary education c) Promote 

gender equality and empower women d) Reduce child mortality e) Improve maternal 

health f) Combat HIV/AIDS, malaria and other diseases g) Ensure environmental 

sustainability and h) Develop a global partnership for development.  

While results so far have been uneven, certain important progress has been made. For 

instance, the fraction of the developing world’s population living in extreme poverty was 

reduced from half to around a quarter during the period 1990-2005 and child mortality 

rates decreased from 12.6 million in 1990 to 9 million per year in 2007. Further, the 

enrollment of primary school students increased by 15% in sub-Saharan Africa during the 

years 2000 to 20007, despite the HIV/AIDS epidemics [26].  In line with such efforts as the 

Millenium Development Goals, the WHO has summarized a set of suggested areas of health 

care reform that are argued to be applicable for health care systems regardless of the income 

region and that “reflect a convergence between the values of primary health care, the 

expectations of citizens and the common health performance challenges that cut across all 

contexts” [4].  
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The four areas include: a) Universal coverage reforms, aiming to reduce health inequity and 

improve social justice, b) Service delivery reforms, to favor a more patient-centric strategy 

that can better meet the individual need, better adapt to the health challenges of a changing 

world, as well as stimulate participation and knowledge in patients, c) Public policy reforms, 

that strive to integrate public health actions and primary care with the purpose of securing 

healthier communities, and d) Leadership reforms, suggesting less static hierarchy in the 

control and structure of health care organizations and moving towards  “participatory, 

negotiations-based leadership indicated by the complexity of health systems”.   

Low-income countries account for an estimated 56 % of the global burden of disease but 

only 2 % of the total health spending. The resulting suffering and death in such areas is 

largely due to highly preventable diseases and conditions such as diarrhea, malaria, 

tuberculosis and HIV/AIDS. Further, due to lack of sanitation, the primary cause of death 

for women in developing countries is childbirth and pregnancy [27]. While the amount of 

money directed towards addressing poor countries health has in fact doubled during the 

past fifteen years, several challenges remain. According to WHO recommendations, a 

minimum basic health benefit package necessary to provide adequate health care to each 

person requires approximately US$34 per year. In high-income countries, the average per 

capita health spending per year is US$3810, compared to a figure of US$24 in low-income 

countries [28]. As US$34 is a minimum suggested figure, and the spending of US$24 is the 

average spending per capita, it is clear that only a limited proportion of citizens in low-

income countries have access to even the most fundamental health care services Further, 

reports have concluded that national health care spending as well as external resources are 

often not spent fairly among development country populations [27]. As a consequence, 

efforts are suggested to be directed towards a) Improving the coordination of global efforts 

in health reforms b) Establishing sufficient and adequate financing and infrastructures for 

delivery of primary health care, and c) Strengthen mechanisms that assist equal and efficient 

distribution of health care resources [29]. 
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1.4 Medical tests, and challenges in reaching difficult target groups 

Medical tests are an important part of the process of providing adequate treatment or 

support in case of disease. The procedure surrounding the examination or testing can 

however also have several other benefits to individual and public health, as it may play an 

important role on primary, secondary as well as tertiary prevention levels. On primary level, 

health checkups and testing can contribute to elevated knowledge about health and risk 

behavior, particularly among target groups with high risk of contracting disease. In 

secondary prevention, continuous and convenient medical tests can help identify disease at 

an early stage, which is often beneficial both in terms of initiating adequate treatment, and 

in minimizing risk of contagion in the case of communicable diseases. Finally, in tertiary 

prevention (harm reduction), medical tests may assess the ongoing status and needs of a 

person suffering from disease, as well as to provide a context in which the affected person 

has near access to consultation, advice and medication from health professionals or 

community health workers, as well as other means of improving his or her health situation. 

[30, 31].  

Hospitals and medical laboratories will conceivably continue to provide the most 

comprehensive diagnostic facilities and related medical resources. However, an 

overwhelming majority of the world’s population has currently no possibility to find or 

enter a hospital for preventive screening, and may not even go, even if symptoms of disease 

are obvious [32]. Patients may not afford or take time from their work to see a doctor for 

health checkups or to investigate symptoms of disease [33], or he/she may have inadequate 

knowledge about what benefits such a meeting with the health care could bring [34]. In 

some regions, girls and women experience substantial restrains by their society, which can 

limit their access to health care resources and basic medical information [35]. Further, 

stigmatization and self-stigma of some socioeconomic groups, drug abuse, criminal record 

and indignation or disillusion towards state and health care bodies may also lead to a social 

inequality of people getting access to accurate medical checkups and information [36].  
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1.5 Advantages and challenges with rapid tests 

Cost-effective rapid tests are useful components in providing basic healthcare to the general 

public as well as to marginalized groups although such devices can find use also in advanced 

medical establishments [37]. Further, rapid tests may lower the threshold for 

implementation by organizations and governmental bodies with a wish to conduct 

comprehensive cohort screening, but having only limited resources to do so [38]. When 

testing can be performed on-site during for instance outreach work, the test in itself can 

provide one incentive for participation in a connected activities, such as counseling, 

adequate trainings or education that are well known to substantially reduce risk behavior 

but may otherwise be difficult to provide to some target groups [39]. Thus, employing 

rapid, portable and easy to use tests, medical staff or community health workers are more 

likely to reach individuals and groups that may have no possibility or wish to enter a clinic or 

a doctor’s office [40]. In the case of veterinary diseases, rapid tests may also facilitate non-

governmental or state organization in quickly identifying and blocking the spread of 

potential epidemics, as well as reducing the economic loss for the state and individual 

farmers [41]. Cost-effective and easy to use tests may also lower the threshold for adoption 

by small-scale farmers. 

In order for rapid tests to be useful, they need to exhibit sufficiently high diagnostic 

accuracy, and the tests need to be trusted to give reliable results in environments much 

more diverse than clean, climate-controlled medical laboratories. It is also necessary for the 

person that performs the testing procedure to do so in a correct way. If a community health 

worker with limited training or the patient him/herself carries out the test, there may be a 

risk of unreliable test results due to improper handling, although trainings on the procedure 

can drastically improve the success rate [42].  
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Further, while rapid tests have proved valuable in extending medical diagnosis into difficult 

environments and target groups, fundamental services of medical centers such as provision 

of information material and counseling often need to be implemented in the field work, 

suggesting rapid tests as an essential component in a comprehensive mobile health service 

package. 

2 Biomarker analysis for molecular diagnosis of disease 

Diagnosis can be performed to investigate some aspect of the physiological state of a patient 

or client. The purpose can be to determine the cause of ailment, but can also be made in a 

pre-emptive effort to screen for disease even before the patient experiences symptoms. 

Further, medical diagnosis can be performed with the aim of evaluating for instance a 

person’s predisposition for developing certain conditions. In higher organisms, 

physiological function, health, disease and predisposition result from the interplay of 

organs, tissues, cells, biomolecules and accessory chemical species. In molecular diagnosis, 

biomolecular markers are probed and investigated in biological systems with the aim of 

identifying reliable signatures that can guide health care systems in providing rapid 

adequate treatment. 

2.1 Biomarkers as indicators of health and disease 

The biomolecules that make up cells and tissues present a wide variety of substances, from 

small molecules such as lipids, vitamines and hormones, through amino acids and 

nucleotides, to large or very large biomacromolecule polymers such as polysacharides, 

nucleic acids, peptides and proteins. Some biomolecules take part in structural frameworks 

with a fixed position in a tissue while others are highly mobile in the biofluids such as blood, 

urine, saliva, sweat, semen and cerebrospinal fluid. 
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Most cells in the body carry the total genetic information about the person - his or her 

genome - that consists of chromosomes of double helical DNA. Genes distributed over the 

chromosomes contain the basic instructions needed to build a new being, and bacteria and 

viruses that may use the human body as a host have genomes of their own, made up either 

from DNA or RNA. 

A biomarker may be described as a biomolecule, i.e. an organic molecule produced by a 

living organism, that somehow by its abundance or physicochemical property provide 

information about some relevant aspect of the physiological or pathological state of the 

organism. Stretches or even single positions in DNA strands can act as biomarkers, and so 

can mRNA and proteins, and likely most other biomolecules.  

Sawyer [43] classified cancer biomarkers as prognostic, predictive or pharmacodynamic. 

The prognostic markers may provide information about the prognosis of a patient if 

treatment is not provided, while  predictive markers can help indicate what treatment would 

be the most efficient for a patient, and pharmacodynamic biomarkers can aid in estimating 

the correct pharmaceutical dose. Thus, biomarkers can be employed in identification of 

disease, or risk of developing disease, and may also contribute to the design of an adequate 

treatment. 

For biomarkers in the form of mRNA and proteins not only presence - but levels - can be 

important. For mRNA transcripts, the copy number, that is the number of identical mRNA 

transcripts in a single cell at a specific point in time, have been found to vary from one to 

several thousands copies per cell [44]. Proteins are even more variable, with single cells 

carrying single up to to millions of copies of a particular protein, and biofluids such as blood 

having protein levels spanning over at least ten levels of magnitude – from high abundant 

proteins such as serum albumin or IgG to ultra-low abundant cytokines [45].  



16 
 
 

 

 

Novel diagnostic microarray assay formats – towards comprehensive on-site analysis 

2.2 Mapping and investigation of biomarker patterns 

While some individual biomarkers have been shown to be reliable determinants of disease, 

for instance presence of antibodies that bind to proteins displayed on the surface of the 

HIV-virus [46], it has been argued that individual differences in protein expression make it 

difficult to identify single biomarkers that can be reliably used to determine disease [47]. 

This is the case for instance with the diagnostic marker used to screen for prostate cancer, 

the prostate specific antigen (PSA). Here, while there is strong evidence that there is an 

overall correlation between elevated levels of PSA and prostate cancer, the correlation is not 

perfect and the low diagnostic accuracy results in a substantial fraction of mis-classifications 

[48]. Recent efforts have shown that a concurrent measurement of panels of biomarkers 

may reveal signature patterns specific for cancer. These findings suggest that even if 

individual biomarkers can not provide a definite classification, the collective pattern might 

[49-51]. Further, multiplexed analysis of biomarkers can be valuable also in differential 

diagnosis. When several infections could be the cause of symptoms, methods that can detect 

presence of a large set of biomarkers from putative pathogens may be helpful for quickly 

determining what kind of action is appropriate. In veterinary medicine, reliable and rapid 

differentiation between for instance members in the family of pestiviruses may be crucial as 

virulence and pathogenicity vary substantially [52]. 

An impressive technology development has occurred in the field of molecular biology 

together with a surge in interest for discovery-driven rather than hypothesis-driven research. 

The result has been the advent of a number of “Omics”, such as Genomics, Proteomics, 

Transcriptomics, Metabolomics, and many other [53]. A common denominator is the 

approach of attempting to include in the analysis a very large proportion, if not all, of known 

parameters from a particular set. While genetics could be said to aim at analyzing and 

interpreting aspects of single or small sets of genes, genomics endeavors to take on whole 

genomes, i.e. all genetic material a cell or individual carries. A landmark in the field of 

genomics was the successful sequencing of the full human genome [54-55], and novel 
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sequencing technologies now provide powerful tools for researchers to investigate such 

topics as gene expression profiles related to disease [56], promotor function [57], genetic 

association [58], chromatin dynamics [59, 60], heterosis [61] and epigenetics [62].  

While genomics explores the diversity, evolution and phenotypic link of genomes, 

transcriptomics seeks to assess the distribution of mRNA in cells and tissues. mRNA is 

produced from genomic DNA by means of the protein complex RNA polymerase, which 

reads the template DNA sequence and synthesizes a corresponding RNA molecule. Further, 

RNA splicing is employed by cells to further process the mRNA into its final form. A central 

function of mRNAs is to provide accessible templates for protein translation in the cell 

cytoplasm. Due to various regulatory mechanisms, however, there appears not to exist a 

simple relation between the amount of mRNA and protein, and several studies have 

demonstrated these discordances [63, 64]. Further, new roles of transcribed RNAs in 

regulation of cellular processes [65], enzymatic reactions [66] and other cellular functions 

[67] are constantly being identified. 
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Ribosomes translate mRNA into peptides and proteins. After translation, proteins may be 

further decorated by for instance glycosylation and phosphorylations through what is called 

post-translational modifications [68]. Due to differential transcription and expression of 

genomic DNA by means of for instance transcription factors and DNA methylation, 

alternative mRNA splicing, regulated mRNA degradation and posttranslational 

modification of proteins, the proteome, that is the total distribution of proteins in a certain 

domain, is highly variable [69].  

The number of unique non-redundant human proteins is currently estimated to be around 

23 000 [70], with proteins exhibiting an amazing diversity of dynamical structures and 

biological functions. Proteomics concerns the study of the proteome and its implications on 

for instance physiological function and disease. While genetic sequencing technologies and 

high density DNA microarrays have enabled researchers to study entire genomes and 

transcriptomes [71], analyzing a multitude of proteins simultaneously have been far more 

challenging primarily due to proteins being much more heterogeneous in composition, 

structure and abundance than nucleic acids. However, various efforts towards 

comprehensive proteomic analyses have been made or initiated, employing for instance 2-

dimensional gel electrophoresis, mass spectrometry, or affinity-based methods such as 

immunohistochemistry or protein microarrays [72-75].  

2.3 Performance of biomarker sampling and analysis 

While important progress is being made in the comprehensiveness of single analyses in 

terms of the number and detectable levels of biomarkers, the biomarker pattern in a sample 

(except for genetic patterns) naturally varies depending on when, how, and from what 

source the sampling was made. It is therefore of essence that extraction and processing of 

the sample is made consistently, as different sampling sites may exhibit different expression 

profiles [76].  
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Samples for bioanalysis can be extracted from biopsies, blood, saliva, cerebrospinal fluid, 

sweat, urine, semen, stool, skin flakes etc [77], although sampling close to a clinically 

interesting anatomical site may be necessary if biomarker levels resulting from for instance 

tissue leakage are too low for reliable measurement from for instance blood or urine [78]. 

However, performing punctuations or biopsies can require advanced skills and equipment 

as well as more extensive subsequent processing than for instance sampling blood or saliva. 

Further, while it has little impact on the sample analysis in itself, from a patient’s point of 

view important aspects of the procedure can be the extent of invasiveness, discomfort, as 

well as the time until the results from the analysis are available [79]. These aspects need 

then be balanced with the performance of the assay in order to find the most useful 

procedure for a specific purpose and context. 

At the heart of molecular diagnosis lies the assay performance, which can be summarized by 

four parameters: sensitivity, specificity, dynamic range and variability [80]. A useful method 

must have a sufficient level of all four parameters. There is some disambiguation regarding 

sensitivity and specificity, as they are sometimes defined in circumstances relating to 

diagnostic accuracy, and sometimes to analytical accuracy. In the former case, sensitivity 

and specificity relates to how well a test succeeds in prediction of a condition or state, 

whereas in the latter case, the terms are used to illustrate for instance how few molecules can 

be recognized in a sample volume, or how much background signal is generated. In 

molecular diagnostic assays, high analytical accuracy may result in high diagnostic accuracy, 

as a very sensitive assay may discover presence or levels of low abundant biomarkers, and 

may thus be used to determine disease status. However, recognizing the presence of a 

biomarker provides little information if it is not certain if it was the sought biomarker or 

non-specific interactions that elicited the response. Thus, specificity can be used a measure 

of the extent to which the response results from only the correct source.  
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A binary presence/no presence of a biomarker given a certain threshold is sometimes 

enough information for classification of a disease state. In other cases, different levels or 

concentrations of a certain biomarker can correspond to different states, and the analysis 

method then needs to be capable of surveying a sufficient range. The interval within which a 

given method can reliably estimate the biomarker concentration is called the dynamic 

range.  

With regards to diagnostic assays, sensitivity and specificity are commonly described in 

terms of the number of true positives (TP), false positives (FP), true negatives (TN) and 

false negatives (FN). These numbers arise in comparison with a reference method, and the 

wording of “true” and “false” can therefore be misleading in cases where the reference 

method is not completely accurate. The sensitivity is defined as TP / (TP+FN), and the 

specificity as TN / (TN+FP).   Thus, the sensitivity is the fraction of tests defined positive 

by the reference method that are also estimated to be positive by the method under 

investigation. Similarly, the specificity is the fraction of tests defined as negative by the 

reference method that are also estimated to be negative by the investigated method.  
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Receiver-operating-characteristics (ROC) is employed to analyze the performance of a 

method relative to the reference when the threshold that is used to separate positive from 

negative results is varied. A ROC-curve can show the trajectory of a method comparison in 

terms of sensitivity and specificity when the threshold level is changed (figure 2.3, adapted 

from paper III). 

 

 

 

 

 

 

  

 

 

The ROC-curve is useful, as it displays simultaneously how well a method would perform 

given the preference of high sensitivity (few false positives), high specificity (few false 

negatives), or a combination of those. For instance, when estimating a result that is in reality 

negative to be positive would result in serious consequences such as unnecessarily putting 

down a farm animal or initiating risk-associated treatment, it may be wise to aim for 

improved specificity, and consequently lower sensitivity, particularly if the rate of false 

positives is currently high. On the other hand, if the consequence of overlooking a positive 

sample (a false negative) can result in risk of a widespread epidemic, or if the risks of 

Figure 2.3 ROC-curve, where each circle represents one choice of threshold value
acting on a decision score. The three filled circles suggest thresholds that provide
the best choice for sensitivity, specificity or least incorrectly classified cases,
respectively [81]. 
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treatment are insignificant, a high specificity may not be the best choice, and the threshold 

should be set to reach a high sensitivity rate.  

The area under the curve (AUC) is a combined measure of the sensitivity and the specificity 

for all threshold values in ROC-analysis. AUC is as the name implies calculated by 

integrating the total area under the ROC-curve, and ranges from 0 to 1, where a method 

that does not perform better than chance scores 0.5 and a method that is perfectly 

concordant with the reference method scores 1.0. Typically, AUC values above 0.8-0.9 are 

considered to represent good concordance [80]. 

While sensitivity, specificity and dynamic range can suggest what biomarkers may be 

successfully analyzed, an indicator of variability is important as it projects the potential 

usefulness into a more realistic estimation of what information can actually be acquired 

from the resulting data. The percentage coefficient of variation (%CV) can be employed to 

represent the variability of an assay. The number results from the ratio between the 

standard deviation or standard error and the average signal intensity. To illustrate, if it is 

known that a difference in concentration of a biomarker of 10 % can differentiate the 

severity of a disease state, and the estimated variability in terms of %CV of the assay in this 

range is 20 %, the assay may not reliably be employed to yield the sought information, even 

if the sensitivity, specificity and dynamic range are sufficient for the purpose.  

2.4 Technology platforms for biomarker analysis 

Detection methods for biomarker analysis can be categorized as being dependent upon 

molecular recognition, or not. The former category employs affinity reagents that may 

recognize the biomarker for the analysis, whereas the latter category identifies and analyzes 

biomarkers through physico-chemical properties, such as charge, size, hydrophobicity or 

molecular composition. 
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2.4.1 Non-affinity based methods for biomarker analysis 

Common techniques used to determine presence and levels of protein biomarkers are for 

instance mass-spectrometry methods, particularly in the form of Matrix-assisted 

desorption/ionization time-of-flight mass spectrometry  (MALDI-TOF) [82], 

chromatography [83, 84] and gel electrophoresis [85]. In MALDI-TOF, a sample is mixed 

with an organic substance that protect biomolecules from unwanted fragmentation when 

fired upon by a focused laser beam. Ions produced by the laser pulse are accelerated by an 

electric field, and receive a terminal velocity proportional to the mass and the charge of the 

fragment. After a distance, the molecules reach a sensor that records each impact, and the 

time of flight can thus be determined. A spectrum of the estimated mass/charge ratios is  

generated, and by comparing the spectrum with databases of known substances, 

identification of sample constituents can be made.  

In chromatography, separation and isolation of a substance relies on its partition between at 

least two phases. For instance in the case of size-exclusion chromatography, sample is 

passed over a packed column of porous microbeads. Small molecules can enter the porous 

beads, and will be retained longer in the column, whereas large molecules do not enter the 

porous beads and exit the column more quickly. Ion-exchange chromatography is used to 

separate analytes upon electrostatic charge. Here, column beads exhibit a certain surface 

charge, and consequently attract oppositely charged molecule and repulse like-charged 

molecules. By changing the pH of the sample solution or the salt content, the process can be 

controlled. In hydrophobic interaction chromatography, the microparticles have a 

hydrophobic surface, thus attracting uncharged molecules.  
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Gel-electrophoresis is a common laboratory technique for analysis of complex samples and 

is used for instance to determine if polymerase chain reaction (PCR) products are of the 

expected size and purity, or to estimate size and purity of purified recombinantly expressed 

proteins. In the case of protein analysis, typically the sample is mixed with a detergent 

substance that veils the sample molecules in an even electric charge. Subsequently, the 

sample is placed at one end of a solid yet flexible porous cross-linked polymer gel and an 

electric field is applied by means of electrochemical reactions on the ends of the gel. The 

electric field induces a force on the charged molecules, allowing them to migrate through 

the gel. As the gel acts as a sieve with the property of retaining larger molecules longer, a 

separation depending on size occurs. The separated species can be visualized by means of a 

variety of different chemical agents, such as colored or fluorescent dyes.   

2.4.2 Immunoassays for affinity-based biomarker analysis 

In 1960, Yalow and Berson employed polyclonal antibodies in the detection of 

concentrations of human insulin by means of a competitive assay between human insulin 

and radioisotope-labeled insulin purified from beef [86]. Thus, the radioimmunoassay 

(RIA) was invented, which later won Rosalyn Yalow the Nobel Prize in Physiology or 

Medicine in 1977.  

Further progress was made by Wide and coworkers in developing the first noncompetitive 

immunoassay, in the form of the radioallergo sorbent test (RAST, [87]). The technology 

was later adopted and commercialized in 1974 by Pharmacia Diagnostics (now Phadia AB), 

and was further developed into the present form (ImmunoCAP), which is widely used in 

commercial allergy tests. 

In 1971, molecular amplification was added to the immunoassay framework when Engvall 

and Perlmann [88] presented the enzyme-linked immunosorbent assay (ELISA). Here, 

human IgG coupled to the enzyme alkaline phosphatase was allowed to compete with 

native IgG for anti-IgG binding sites on a cellulose surface. The enzyme has the ability to 
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catalyze the hydrolysis of the substrate nitrophenylphosphate (NPP) into p-nitrophenol, 

which displays a yellow color and a measurable shift in absorbance in the 400 nm 

wavelength. Other enzymes have also been found to be useful in ELISA assays, among 

which the most common is horseradish peroxidase that can catalyze the conversion of 

chromogenic substrates into colored products, or chemoluminescent substrates into 

product and emitted light. Due to the issue of radioactivity exposure in the case of the 

radioisotope-based based immunoassays, ELISA assays have gaining relative popularity and 

advantage. Further, the performance of ELISAs improved during the 1980s, coming to 

match the sensitivity of RIAs.  

Finally, in the Western blot procedure [89], gel electrophoresis is employed in a first step to 

separate biomacromolecules upon size, after which a perpendicular electric field transfers 

the sample constituents from the gel onto a flat substrate, often nitrocellulose. When 

collected onto the new substrate, proteins can be detected by means of labeled affinity 

reagents, such as fluorescent detection antibodies. 
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2.4.3 Lateral flow immunochromatography 

Lateral flow assays are currently the most widely applied assay systems for on-site diagnosis 

of disease and have been employed at least since the 1960s [37].  Here, a line of affinity 

reagent is typically deposited on a paper-based substrate, and sample is passed through the 

device by means of capillary flow. Biomarkers from the sample attach to the line of affinity 

reagents, and can be visualized for instance by applying visualization reagents in a 

subsequent step (figure 2.4a). 

 

 

 

 

 

Lateral flow assays are generally relatively easy to perform which makes them accessible 

with little or no prior training or additional equipment. The assay time can often be 

performed in less than half an hour, or quicker depending on the substrate. Lateral flow 

assays can typically be produced from inexpensive components, without moving parts or 

external actuation. When combined with visible dyes such as gold or colored polystyrene, 

the assay can be highly portable and easy to interpret. While performance of lateral flow 

assays in terms of sensitivity, dynamic range and variability may be lower than that found in 

laboratory assays, the requirements need to be determined in each individual case [32]. 

Figure 2.4a A typical lateral flow device, with the different
constituent parts indicated [37]. 
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2.4.4 DNA and RNA analysis 

The ability of nucleic acids to hybridize single strands of DNA or RNA into double-

stranded structures, enabled by the formation of hydrogen bonds between compatible 

nucleotides in the nucleic acid back-bone, have also been extensively employed in analyzing 

genetic features in cells and tissues. Hybridization is commonly used for instance in 

fluorescence in-situ hybridization (FISH) and related techniques where a stretch of single-

stranded DNA or RNA attached to a fluorescent label is used to specifically probe 

chromosomes. When the target DNA stretch on the chromosome is known, the 

corresponding probe can be designed using the target probe as an inverted template.  

In the field of DNA-analysis, PCR discovered by Kari Mullis in 1984 [90] has become a very 

well established and useful technology that allows the amplification of a certain stretch of 

DNA from a sample by means of the enzyme DNA polymerase and a complementary strand 

that hybridizes through perfect base pair matching. Although PCR is a very specific and 

sensitive technique, it has been shown to be hard to multiplex [91, 92], and usually requires 

advanced thermocyclers to be run. 
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2.4.5 Microarray assays for multi-parameter analysis 

Microarrays have become powerful tools for biochemical analysis, primarily for their 

inherent ability for highly multiplexed analysis (figure 2.4b), but also because the small 

capture surfaces of the microspots can yield more sensitive and reliable data since they do 

not disturb the ambient analyte levels (see section 3.3). Another feature that distinguishes 

microarrays from running several single-analyte assays is the advantage of eliminating the 

increased variability resulting from preparation and handling of a large number of aliquots 

of a sample.  

 

 

 

 

 

 

 

 

 

Assays involving microarrays are typically run in “forward” (sandwich) or “reverse” (direct) 

mode. In forward mode, capture agents are immobilized on the array spots, and sample is 

loaded on the array for analyte capture. Subsequently, a secondary affinity reagent is added 

to visualize caught analytes. In reverse mode, the microarray spots themselves contain the 

sample to be analyzed, and thus it can be enough to add one round of labeled affinity 

Figure 2.4b Example of an approximately 37500 probe spotted oligo 
microarray with enlarged inset to show detail. Here, competition between 
amplified patient cDNA (green) and reference DNA (red) results in 
quantifiable relative expression patterns.
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reagents for visualization. While reverse assays have the potential to analyze a very large 

number of samples at once, typically presence of only one analyte can be analyzed on one 

array, and sensitivity is very limited in comparison to forward assays [93]. 

The first successful microarray assays were constructed for DNA analysis, and originated 

from the so-called southern blotting technique where DNA molecules are deposited on a 

surface and used for specific capture of complementary strands. DNA microarrays are in 

principle a multitide of concurrent miniaturized southern blot assays. For more than a 

decade DNA microarrays have been extensively employed mostly for large scale gene 

expression analysis, but many other applications such as SNP genotyping or mutation 

analysis have been demonstrated [94]. 

Microarrays can be separated into planar arrays and suspension bead arrays. In the case of 

planar microarrays, affinity reagents are deposited on a glass surface in a grid pattern. A 

liquid dispensing robot deposits a certain volume, often less than 1 nL, at a certain position 

on the glass substrate, which produces a “spot” on the surface. The procedure is repeated to 

make a larger pattern of a number of affinity binders, with a sufficient number of replicate 

spots. During analysis, the array is often enclosed by a masking grid, so that in effect a well is 

formed with the array at the bottom. The sample is applied, and the following steps are very 

similar to those of ELISA. Advantages of planar microarrays are that only small volumes of 

sample and affinity reagents are needed, and that levels of many biomarkers can be 

investigated in one experiment. Unfortunately, microarray substrates are often expensive, 

printers are bulky and expensive, printing may be time consuming, and skilled staff needs to 

perform the experiments.  

In suspension bead array assays, microbeads are given unique identities by color-coding, in 

contrast to planar arrays where identity is inferred from position. The microbeads are 

labeled with affinity reagents, and a small volume containing a large number of uniquely 

coded beads can then be added to a sample volume. A second antibody labeled with a 
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fluorescent beacon and with affinity towards the first can be used to reveal biomarker 

binding to the beads, and fluorescence is detected by funneling the beads through a thin 

capillary in which they can be analyzed with a laser detector [95, 96]. 

A substantial advantage with suspension bead arrays is the convenience of assembling 

arbitrary array compositions from pre-coupled bead populations simply by pooling aliquots 

from those populations. Further, it is often possible to include many more replicate beads 

than is feasible with replicate spots on planar arrays, resulting in more reliable data 

processing [97]. However, the need for a laser scanning, flow-sorting device introduces 

limitations concerning portability and applicability in contexts with limited resources. 

Protein microarrays have in general not experienced the same success as DNA microarrays, 

for several reasons. In DNA microarray assays, hybridization depends on such factors as 

buffer condition, temperature, the length of the hybridizing strands and the 

match/mismatch percentage. This generality has allowed researchers to develop 

bioinformatic tools that guide the design of high-quality capture probes, and makes the 

process of constructing functional DNA microarrays rather straight forward. In the 

construction and optimization of protein microarrays, additional parameters needs to be 

taken into account.  

First, unless the different proteins to be patterned on the substrate are structurally very 

similar (for example antibodies, or antibody fragments), the unique physicochemical 

property of each protein will make the optimization process of patterning much more 

challenging than with DNA arrays, where it is commonplace to use DNA strands with a 

derivatized end suitable for microarray patterning. Second, while a rather specific buffer 

condition and a certain temperature can be suitable for a wide range of DNA-DNA 

hybridizations, the interaction characteristics of protein-protein interactions may vary 

greatly. Third, the generation of sensitive and specific affinity reagents for protein 

biomarker analysis is challenging. Different approaches are routinely used, such as 
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polyclonal antibody generation through immunization and bleeding of animals [98] or 

selection from combinatorial libraries [99]. In the case of autoimmunity and allergy 

analysis, antigens/allergens need first to be identified and purification from natural sources 

or revealed through bioinformatic discovery followed by cloning and recombinant 

expression [2, 100]. 

2.4.6 Signal amplification and detection strategies 

A widely employed molecular label for immunoassays today is any of a multitude of 

commercially available fluorophores [101]. While the use of fluorescent labels for 

immunoassays has been demonstrated to enable highly sensitive detection of protein 

biomarkers in a wide variety of applications, such as cell confocal microscopy [102], 

Western blot [103], microarray analysis [104],  fluorescence activated cell sorting (FACS) 

[105], and immunohistochemistry [106] advanced laser illumination and imaging 

equipment is often needed for excitation and detection. 

As the signal to noise ratios resulting even from labeled approaches can be low in affinity 

based assays, many strategies for signal amplification have been proposed. Such efforts 

include for instance incorporation of gold and silver nanoparticles [107-108] or 

microparticles [109, 110, 52, 81] that can enhance the signal through visible color, 

incorporated fluorophores, mass, charge or magnetization.  

Among other innovative label-based techniques directed at providing an amplified signal 

are for instance immuno-PCR [111], rolling circle amplification [112-113], proximity 

ligation [114] and the bio-barcode assay [115], all of which employ generation of an 

increased number of DNA molecules in the case of a formed affinity interaction between 

the affinity ligand and the analyte. 
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2.4.7 Label free detection methods 

In label-free detection methods, a physico-chemical property of the bound analyte, such as 

mass or charge, is the basis for signal generation. Biosensors based on for instance surface 

plasmon resonance, quartz microbalance, ellipsometry or nanowire-detection can recognize 

the presence of bound material on a surface and modulate it into an electronical or optical 

signal that can be detected [116-118]. While such methods are valuable particularly for 

studying dynamic events where label-based methods often are limited to end-point analysis, 

the sensitivity and convenience of label-based approaches currently makes them the most 

common method of choice for biomarker analysis. 

2.5 Affinity ligands 

In order to identify presence or levels of biomarkers with the help of affinity ligands, the 

ligands employed need to be able to recognize the target biomarker with sufficient 

sensitivity (they need to be able to bind the target), specificity  (the ligand should bind to as 

little else except the target as possible), and reliability (the binding properties should be 

stable to the environment where the binding is to take place, and should be robust to 

normal variations in the environment). 

Several routes to identifying useful affinity ligands have been explored. For DNA and RNA 

targets, knowledge about the base-pairing process that produces the helical double strands 

can be used to construct complementary single strands. While sensitivity is often not an 

issue, comprehensive bioinformatic tools may be needed in order to make the recognition 

also specific [119]. 

Known interactions in play in biological processes can be exploited as in the case with 

antibodies. Antibodies, or immunoglobulines, are produced by plasma B cells, after a 

process of generation of population diversity by means of genetic recombination and 

elevated rate of point mutations. Plasma B cells can live several weeks and produce as many 
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as hundreds to thousands of antibodies per second [120]. Circulating antibodies may help 

protect from pathogens by stimulating the complement system, by crosslinking and thus 

blocking the movement of bacteria, or through attracting effector cells that subsequently 

recognize and destroy the invader.  

The immune responses in higher organisms that generate populations of highly specific 

antibody proteins towards foreign material can be used to generate affinity ligands. Such 

specific polyclonal antibodies are often produced by injecting a mixture of the biomarker 

into host mammals such as rabbits, goats, or even camels, sometimes including 

immunological adjuvants that can elevate the production. When the host animal has raised a 

sufficient amount of antibodies in response to the immunogen, the animal is tapped for 

blood, followed by isolation of the antibodies from the blood by means of some purification 

strategy [121, 98]. 

Sensitivity and specific binding can be limited in the case of polyclonal antibody generation, 

since the pool of antibodies raised towards an antigen consist of a wide variety of individual 

proteins, where variability exist in the recognized epitope and the structural solution for 

recognizing a particular epitope [122]. Affinity purification efforts can however 

substantially decrease the variability in a polyclonal antibody pool [70]. 

Another alternative in achieving mono-specific affinity reagents is the generation of 

monoclonal antibodies. Briefly, a cancer cell line is fused to a population of antibody-

producing plasma B cells that had previously been raised in response to a particular antigen. 

The resulting cell line is called hybridoma, and has indefinite life span. From the mixture of 

hybridoma cells, a subsequent selection step takes place, where only cells found to produce 

antibodies with the desired properties are allowed to remain in culture. From these clones, 

larger cultures can be established that continue to yield large quantities of the unique 

antibody molecule.  
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Antibodies are often used in biomarker analysis, but when the antibodies themselves are the 

biomarkers of disease, the antigens that generate them may act as affinity ligands. In the case 

of diagnosis of infectious diseases, antigens stemming from purification from a native source 

[123], or recombinant sources [124] may be employed. 

A further example of an existing biological mechanism that can be employed for acquisition 

of affinity ligands is the interaction between Staphylococcus aureus Protein A and 

immunoglobulins [125], or between variants of the avidin protein that is normally 

deposited in the egg-whites of birds, reptiles and amphibians and that associates very 

strongly to biotin, a small molecule that is also known as vitamin B7 [126]. The interaction 

between avidin and biotin is the strongest known non-covalent interaction and has become 

a standard tool in molecular biology and biochemistry, where the biotin molecule can for 

instance be chemically attached to all proteins in a sample, and when a sought target protein 

has been captured by an affinity ligand, the biotin tag can attract avidin/streptavidin linked 

to a fluorescent or enzyme label that allow visualization of the binding event.  

Combinatorial approaches can be employed in construction of so-called libraries containing 

variations of affinity ligands. Here, the structure and function of a ligand molecule can be 

evolved by varying all or a selected number of its constituent building blocks with little or no 

premeditated choice from the point of view of the researcher, who may then perform 

selection procedures for singling out those variants that had developed the desired 

characteristics [127]. The original molecule may be chosen due to some intrinsic properties 

that would be advantageous to retain also in the evolved molecule, such as size, charge, 

stability when exposed to fluctuating or extreme chemical environments, or original affinity 

to some other binding partner.  
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A multitude of molecules have been chosen for directed evolution, resulting in libraries of 

for instance antibody fragments [128], affibody molecules [129], ankyrin repeats [130], 

anticalins [131], and aptamers [132]. Larger libraries in general present a higher likelihood 

of generating the desired properties in the distribution of evolved molecular variants, 

although the affinity distribution of a population varies according to the choice of library 

[133]. Further, selection strategies are presently time and labor consuming. Thus, 

substantial efforts goes into research of selection strategies and different expression systems, 

such as staphylococcal display [122], phage display [134], and ribosome display [135], only 

to name a few. 
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3 Theory for present investigation 

3.1 Dynamics of affinity interactions 

When an affinity ligand [A] and its target molecule [B] are presented to each other, the law 

of mass action can be employed to estimate the rate of formation of complex [AB]. Two 

processes take place simultaneously, association (Ra) and dissociation (Rd). The rate of 

change of complex formation is the sum of the two processes, as can be seen in equation 3.1. 

ABkBAkRR
t
AB

dada                            Eq. 3.1 

ka [M-2m6s-1] and kd [s-1] are the kinetic on/off, or association/dissociation- parameters. At a 

given concentration of affinity ligand and target molecule, a higher kinetic on-rate will 

induce a more rapid formation of complex, and a higher kinetic off-rate will more rapidly 

break up the complex into its constituent parts. 

Sensitivity and specificity between interaction partners in a physiological setting are evolved 

in relation to the function and fitness of the organism. Therefore, higher affinity, rapid 

binding kinetics, and high specificity, while often beneficial in affinity ligand assays are only 

found in a subset of naturally occurring interactions [74].  

The dissociation constant Kd [M], is equal to the quotient kd / ka as well as to [A][B]/[AB] 

when the system has reached equilibrium. The magnitude of the kinetic on-rate, which 

typically ranges from 102 to 105 [M-2m6s-1] for antibodies [136] may be hard to intuitively 

grasp, while the kinetic off-rate on contrast is a rather straightforward measure of a complex’ 

stability. If the kinetic off-rate is 10-2 [s-1], one in a hundred complexes would spontaneously 

dissociate in one second.  
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To illustrate, avidin and streptavidin exhibit equilibrium constants of around 6*10-16 M for 

avidin and 4*10-14 M for streptavidin in the reversible binding of biotin [137]. For the 

streptavidin-biotin interaction, the kinetic on-rate has been estimated to be approximately 

5*106 [M-1s-1], and the kinetic off-rate 2.8*10-6 [s-1]. The fast on-rate in combination with 

the extremely slow off-rate results in an interaction that forms quickly and that is very stable 

over time. This fits the function of streptavidin as employed by the bacterium Streptomyces 

avidinii in binding and thus inactivating biotinylated enzymes needed by other bacteria. 

Here, the bound state is clearly the most advantageous for the bacterium that is supplying 

the protein, suggesting that fitness and function has driven the development of the 

described set of affinity rate constants. In contrast, proteins that are involved in transport 

and release of molecular cargo, such as calmodulin and other calcium binding proteins 

typically exhibit simultaneously high on-rate and high off-rate [138]. Further, low-affinity 

interactions may provide cohesion and stability to molecular networks, analogous to a semi-

specific glue [139].  

3.2 Diffusion, convection and active transport 

While the kinetic on- and off-rates provide insight into how binding partners interact at a 

particular coordinate, the mass transport to and from sites of interaction is governed by 

diffusion, convection and active transport of the species. 

When considering the transport of analyte in an arbitrary geometry, equation 3.2 can be 

employed. 

TwAuAD
t
A

AA )(                  Eq. 3.2 

Here, DA is the diffusion coefficient of the analyte, u is the ambient convective flow vector, 

T is a general force field, such as an electric field, gravitational field, magnetic field etc, and 

wA is the analyte’s intrinsic susceptibility to the force field. 
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Thus, the change of concentration of analyte in space and in time (assuming no reactions 

happen in the bulk) depends on a) diffusion b) convective transport c) forces arising on the 

molecule due to external fields that the analyte or particle is susceptible to. 

In static environments, the diffusion of analytes to capture surfaces can be a limiting factor, 

which implies an advantage for microcompartment or microchannel assays with small 

geometries and short diffusion times. In for instance mixed systems and lateral flow assays, 

the convective flow controls the transport of analytes to the capture surface and diffusion 

plays a limited role. In electrophoresis, an electric field induces a force upon charged 

molecules and particles that results in a movement. Further, it has been demonstrated that 

electrophoresis can be employed in for instance transporting proteins to microarray 

surfaces for accelerated binding [140].  

3.3 Capture surface considerations for immunoassays 

In well-based immunoassays employing such techniques as ELISAs or planar microarrays, 

the capture surface is typically immersed in a comparatively large sample volume, and target 

molecules present in the sample need to be transported to the capture surface by means of 

mixing, diffusion or force-field induced transport. While mixing may substantially decrease 

the time it takes for analytes to reach a capture surface, the time for sample incubation 

typically still needs to last for hours to reach equilibrium, particularly if kinetic off-rates are 

small in relation to on-rates.  

Unless the assay of choice presents time-resolved information about the formation of 

complex, considerations need to be made regarding whether or not the affinity interaction 

can be predicted to reach equilibrium within a given time frame. In case equilibrium is not 

reached, the assay time has to be well controlled to avoid introducing variability when 

repeating the assay. The alternative of waiting for equilibrium may be very time-consuming 

when analyte concentrations are low and may not be a realistic option for field tests. 
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The relation between the number of analytes present in the sample and the number of 

affinity ligands on the capture surface is important, an idea that has been promoted by Ekins 

[141] and others. While a large capture surface with a high density of affinity ligands will 

decrease the average residence time of an analyte molecule in the sample and thus increase 

the complex formation rate, the results from such as system may be difficult to interpret for 

several reasons. First, if the capture surface can harbor all analyte molecules in the sample 

volume, with sufficiently strong and rapid affinity interactions the surface will appear like a 

perfect sink. Second, the capture surface will deplete a volume of the sample closest to the 

surface and for completely unmixed systems, the depletion zone increases outwards linearly 

with time, with diffusion being the only determinant of the rate of complex formation. 

Before reaching equilibrium, such a system may be sensitive to agitation and convection due 

to for instance external heat sources. While controlled mixing can create a thin and stable 

depletion zone [142], thus making the complex formation rate more deterministic, a large 

and high-density capture surface means that the number of formed complexes are created 

over a large area, resulting in a low signal intensity per unit area.  
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Ekins argued that capture surfaces should be so small that their capacity to extract analyte 

would be insignificant in relation to to the composition of the total sample volume (figure 

3.3). Small capture surfaces as suggested by Ekins more rapidly enters an equilibrium with 

the surrounding environment, which facilitates the assay procedure substantially since the 

exact time span of the assay is then less important. 

 

 

 

 

 

 Figure 3.3  Ambient analyte theory. While the total amount of bound
material at equilibrium may increase with a larger capture surface, the signal
density which often is what is measured, decreases. Therefore, small capture
surfaces are generally favorable for immunoassays [72]. 
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In lateral flow assays, capillary force drives the sample volume from one end to the other of a 

porous substrate matrix, followed by the application of a visualization agent in the form of 

gold or polystyrene micro or nanoparticles. While the sample volume is typically fixed in 

well-based assays, in the case of lateral flow the bulk sample is being replenished constantly 

while there is a sample flow. Since  binding of sample analytes do not influence the ambient 

analyte concentration in lateral flow assays, the rate of complex formation will be steady as 

long as sample is flowing and before the capture surface begins to saturate or the 

equilibrium state is appraching.  

3.4 Microbeads as mobile affinity reagents for microarray analysis  

3.4.1 Microparticles in biochemical and microfluidic assays 

Polymer microparticles are commonly used as solid support in biochemical assays. Many 

benefits exist such as increased surface to volume ratio when compared for instance to 

cylindrical channels, monodispersity, flexibility in incorporating microparticles in various 

geometries, possibility to couple biomolecules to the surface using liquid phase chemistry 

and convenient incorporation of fluorophores, just to name a few. Polymer microbeads that 

are neutrally charged and exhibit no magnetic susceptibility can still be transported in 

different ways. For instance, the no-slip condition acting on any immersed surface will result 

in a viscous friction that carries the particle along with the convective field [143]. Further, 

any microbead may also be moved by means of for instance optical tweezers [144], whereby 

application of focused laser beams may result in precise force actuation and movement.  

Another technique that can be used to induce a force on any dielectric particle is 

dielectrophoresis. In dielectrophoresis, a non-uniform electric field produces a net 

separation of charges in the particle, which then makes it susceptible to an electric field 

[145]. Particles that have or acquire a net surface charge may then be moved through a 

medium by means of a constant or alternating electric field. However, electrophoretic 

modes of actuation usually produce electrochemical reactions and ionic flow in the 
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medium, and the fields and forces may be sensitive to the composition of the medium 

[146].  

3.4.2 Mobility of superparamagnetic microparticles 

Superparamagnetic microparticles have been employed in biochemical assays at least since 

the beginning of the 1980s [147]. The most common application has been in protein 

purification, due to the ease with which affinity-labeled beads can be suspended in and 

incubated with a sample, and subsequently collected magnetically on the bottom of for 

instance a test tube when exchanging the supernatant for fresh buffer during wasing steps. In 

magnetic-activated cell sorting (MACS), superparamagnetic beads have also been 

demonstrated to bu useful as solid support for the specific enrichment of cell populations 

[148].  

Commercially available superparamagnetic particles typically consist of small ferro- or 

ferrimagnetic nanocrystals embedded in a polymer material. In the nanocrystals, the 

intrinsic magnetization moment changes direction very rapidly when no external magnetic 

field is present, making the crystals appear unmagnetized. However, when an external 

magnetic field is applied, the magnetic moments of the nanocrystals tend to align to the 

magnetic field lines. Depending on what is the superparamagnetic material, how large and 

how many nanocrystals are embedded in the polymer frame, the microbead will acquire 

certain magnetic susceptibility and magnetization MB in response to external magnetic 

fields. For sufficiently strong magnetic fields (H>70 kA/m), the magnetization of a 

superparamagnetic microparticle can reach saturation. For MyOne magnetic microbeads, 

the saturation magnetization under the influence of strong magnetic fields becomes 

approximately 43 kA/m, as noted by the supplyer (Invitrogen).  
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The magnetic field used to induce a net force on magnetic microbeads can be generated 

from either permanent magnets or electromagnets. The field from electromagnets occurs 

due to the movement of electrical charges in a wired coil, and usually a core of 

ferromagnetic material is placed in the center of the coil to enhance the magnetic field 

strength. While the field from electromagnets disappears when the current is removed, 

permanent magnets made from stably magnetized materials can typically not be “switched 

off”. Solid permanent magnets are often made from ferro- or ferrimagnetic materials, with 

rare-earth materials such as Neodymium or Samarium being common.  

The force that results on superparamagnetic microparticle under the influence of an 

external field depends on the volume of the particle, the magnetization, and the gradient of 

the magnetic induction, as shown in Eq 3.4a [140] 

BVMF BBmag                   

In the case of application of a flat or disc-shaped permanent neodymium magnet of 

sufficient size, it can be assumed that the magnetic field will at distances <10 mm from the 

magnetic bead be large enough for saturation of the bead magnetization. Further, with an 

average value of the gradient of the magnetic induction of 50 Tesla (T)/m, the magnetic 

force can be calculated on individual beads. For MyOne beads, the force would amount to 

approximately 1 piconewton (pN), using these input parameters. 

  

Eq. 3.4a 
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When a particle that is immersed in a liquid medium is subjected to a net force, given  

sufficiently high viscous relative to inertial conditions, the Stokes relation can be employed 

to calculate the terminal velocity from the frictional drag force according to eq. 3.4b. 

vDFdrag 3                             Eq. 3.4b 

In this relation, η is the dynamic viscosity, D is the diameter of the bead, and Δv is the 

velocity of the bead relative to the ambient medium. When equating the magnetic force 

with the frictional drag force, the terminal velocity of the particle can be found. In table 3.4, 

the predicted force and the terminal velocities of a range of superparamagnetic particle sizes 

commercially available for biochemical analysis are shown.  

 

 

The saturation magnetization is assumed to be the same for all beads, 43 kA/m. In the case 

of a 1 μm MyOne bead being actuated by a magnetic force of 1 pN to move through a water-

like substance, the terminal velocity is estimated to approximately 60 μm/s. However, as 

was shown by Sinha and cowerkers [150], sufficiently high suspended concentrations of 

MyOne particles will form agglomerates when exposed to a strong magnetic field.   

  

Table 3.4 A range of magnetic microbeads are shown, with predicted magnetic forces
from a typical experimental setup and terminal velocity in water. 
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An agglomerate of magnetized particles  that do not experience an external magnetic field 

gradient will develop towards a spherical shape. However, if such an agglomerate is moved 

due to a magnetic field gradient through a viscous stationary medium, friction forces tend to 

remodel the agglomerate towards a more streamlined shape, resulting in a collective 

movement of beads that is substantially more mobile than individual beads. Thus, unless 

the magnetic microbeads are suspended sufficiently sparse, bead-bead interactions will 

change the migration properties, and the collective movement is likely complicated to 

describe reliably [151].   
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3.4.3 Magnetic bead decoration and force-probing of microspots 

Application of affinity-labelled microbeads for microarray analysis has been presented as an 

alternative to fluorescence-based detection [140, 110, 52, 81]. The magnetic force serves as 

an actuator for bead migration to the array microspots, as well as for removal of unbound or 

weakly bound beads. An example of a magnetic-bead developed array is shown in figure 

3.4a, and a computer-generated rendering of magnetic microbeads binding to a microspot 

in figure 3.4b (next page).  

 

  Figure 3.4a A magnetic bead-developed microarray (top left), with zoom in 
of the array pattern (top right). In the bottom left sub-plot, a microscope 
image of a bead-developed microspot is presented. Here, a mixture of 1 μm 
and 3 μm sized beads have been bound to the array to visualize the difference 
in bead size. 
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Figure 3.4b Computer rendering of affinity-labeled microbeads decorating 
a microspot. Beads outside the spot are removed by means of an applied 
magnetic field from above. 
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MyOne (Invitrogen) superparamagnetic microbeads of 1 μm in diameter, coated with 

streptavidin can bind approximately 150 pmol biotin/mg beads according to the supplyer. 

With a density of almost 2000 kg / m3, and a volume of ca 0.5*10-18 m3, the mass of one bead 

amounts to around 1 pg, and 1 mg then corresponds to 109 beads. 150 pmol approximately 

translates to 1014 molecules, which means that one bead can bind on average around 

100.000 biotin molecules. As the surface area per bead is around 3*10-12 m2, the average area 

per bound biotin would then be 3*10-17 m2 = 30 nm2, equivalent to a circular surface with a 

diameter of around 6 nm. This area is conceivably larger than most globular proteins, 

indicating that 100.000 bound biotinylated proteins per bead may be a reasonable 

maximum number. 

When a microbead is in contact with a surface coated with biomacromolecules such as a 

microspot, only a limited fraction of the spot will be touched by the bead at one time. As 

suggested by Morozov and Morozova [140, 151], the contact area can be estimated from 

the radius of the bead, the size of the surface molecules on the bead and the microspot, 

respectively, as well as the coated protein surface densities. This is illustrated in figure 3.4b. 

 

 

 

 

 

 

 Figure 3.4b A magnetic microbead in contact with a flat 
surface and interacting with a biomolecule on the surface by 
means of an affinity binder on the bead. 
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If the total length of the interacting molecules on the bead and the microspot surface is L, 

the radius of the interacting surface can be calculated by means of Eq. 3.4c. 

 

For a bead of R=1 μm and a combined interaction length of 10 nm for the partners of the 

biospecific interaction between the bead and the microspot, the radius of interaction would 

be around 140 nm, about 1/7 of the bead’s diameter. The interaction area is then 6*10-14 m2 

= 6*104 nm2. This area is only ca 2% of the total area that the bead covers (illustrated in 

figure 3.4c). The maximum number of simultaneous affinity interactions taking place would 

then be around 6*104 nm2 / 30 nm2 = 2000, although it appears likely that only a small 

fraction of this number is possible in reality.  

 

 

 

 

 

Figure 3.4c One micron-sized antibody-coated magnetic beads attaching 
to an antigen microspot with bound serum antibodies. 

LRLRc 22 Eq. 3.4c 
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Dilution experiments performed by Morozov and Morozova [140] suggest that very low 

analyte concentrations can elicit bead binding. In one experiment the authors successfully 

bound microbeads to a spot where the average binding surface density on the microspot 

was estimated to be around 1 analyte molecule per 2 μm2,an area much larger than the 

contact area between the bead and the surface. From these results, it was concluded that it is 

likely that microbeads can be tethered to the surface by very few or even a single affinity 

bond. The interaction between microspot and spot surface is visualized schematically in 

figure 3.4d.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4d Computer-rendered schematic illustration of the interaction
plane between the antibody-coated magnetic bead and the antigen
microspot, via antibodies captured by the antigens on the surface. 
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It has been argued that forces needed to break individual affinity bonds have to be in the 

order of 50-200 pN when applied over a time frame of several seconds [152-158], and that 

5-20 pN may typically be needed to dislodge nonspecific interactions. Even smaller forces 

have, however, been shown to be effective in reducing background binding when applied 

over time periods of several minutes [159]. While these ranges are only indicative, and such 

aspects as time of force application, the ramping up-procedure of the applied force and how 

consistent the force application is may likely also influence the breaking of affinity bonds. 

However, such estimates can be useful for making approximate design considerations for 

affinity based assays. 

Application of a magnetic lift force can be used to remove unbound or weakly bound beads 

from the microspot surface [140, 81, 110, 52]. However, beads may also be affected by 

manual rinsing of the surface prior to drying, unless the binding of beads is imaged while 

still in a liquid environment. The drag force from the beads due to a flow over the substrate 

can be estimated by employing eq 3.4b. In the a case where microarrays with attached 

magnetic microbeads are rinsed by means of pouring wash buffer over the slide, and the 

velocity of the free top boundary surface of the liquid that flows on the substrate is 

approximately 5 cm/s, with the depth of the liquid being 5 mm, the velocity gradient close 

to the surface can be calculated by means of fluid mechanics simulations. 
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The velocity at the slide surface is zero due to the no-slip boundary condition resulting from 

water adhesion to the solid surface. At small distances from the surface, the velocity 

increases linearly outwards. From simulations, it was estimated that the velocity at 1 μm 

distance from the surface would be approximately 15 μm/s. While the average ambient flow 

velocity with regards to the bead would then be less than 15 μm/s, this number can be used 

to give a high estimate of the drag force. Employing eq. 3.4b, the drag force for a bead of 1 

μm in diameter, with ambient velocity of 15 μm/s and ambient water like medium, the force 

would amount to ca 0.3 pN. This force is hardly enough to break even weak non-specific 

interactions, and would decrease even further in the case of tight packing of beads on the 

substrate.  
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4 Present investigation 

The presented doctoral work has been focused on developing and characterizing novel 

strategies for affinity-based multiplexed assays, with a special emphasis on such aspects as 

speed, simplicity, cost-efficiency and convenience of read-out options.   

In paper I-III, affinity-labeled magnetic microbeads were used as detection reagents for 

microarray analysis, as an alternative to more commonly employed affinity reagents with 

attached fluorescent beacons or enzymes. While fluorescent antibodies or oligonucleotides 

are commonly used for highly sensitive analysis, assay times are generally long due to 

inherently slow diffusion processes, and expensive and bulky readers are needed to visualize 

binding patterns. Here, it was found that affinity labeled microbeads could be transported 

and bind within seconds to the microspot, and bound microbeads gave rise to a shift in 

opacity on microspots that could be observed with the naked eye, a microscope, tabletop 

scanners, or consumer-grade digital cameras. The employment of magnetic beads as 

detection reagents in microarray analysis was demonstrated and evaluated in the setting of 

SNP-genotyping (paper I), differential analysis of pestiviral infection (paper II) and 

characterization of autoimmune responses (paper III). 

In paper IV and V, a lateral flow assay format commonly applied in field diagnostic tests was 

modified in an attempt to incorporate multiplexing ability similar to that of conventional 

microarrays. The lateral flow microarray concept is a hybrid technique between a lateral 

flow “dip-stick” rapid test and a planar microarray assay. In paper IV, the lateral flow 

microarray was employed in classification of contagious bovine pleuropneumonia from 

bovine serum analysis, and the assay was characterized by means of numerical simulations 

and experiments in paper V. 
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4.1  Visualization of DNA hybridization on microarrays for 

facilitated SNP analysis using magnetic microbeads (I) 

Single nucleotide polymorphisms in genes and non-coding DNA have been used as 

biomarkers of disease and phenotypical variation [1]. While some SNPs exhibit no 

observable phenotypic variation, some may, as for instance polymorphisms in the tumor 

suppressor gene p53 affect the susceptibility of developing some cancers [160]. 

Microarrays are powerful analytical tools that allow a multitude of miniature capture 

surfaces to interrogate a complex sample at the same time. In the case of SNP analysis, it is 

possible to employ microarray technology for the analysis of PCR product as a way to allow 

for simultanesously sensitive and multiplexed analysis. In this study, two approaches were 

investigated. In the first, PCR with a biotinylated forward strand primer and a non-

biotinylated reverse primer was employed to amplify the target DNA. Subsequently, the 

biotinylated strand was separated from the non-biotinylated one by means of binding the 

complex to streptavidin beads and melting in an alkaline environment. The biotinylated 

strands were then released from the beads by applying deionized water at 80 ºC [161].  
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The sample containing biotinylated single strands was then allowed to incubate on the 

microarray, which consisted of a number of oligonucleotide spots with specific sequence 

complementarity to different PCR-product variants. Subsequently to the hybridization step, 

streptavidin coated magnetic microbeads were attracted to the surface via the magnetic field 

that resulted from placing a solid planar magnet below the slide. Within seconds, all beads 

had travelled to the slide floor where they could attach to caught biotinylated PCR product 

(figure 4.1a). The solid magnet was then moved above the slide, resulting in unbound or 

weakly bound beads being released for simple removal. The binding pattern could be 

recorded by means of ocular inspection, microscope or imaged with a cell-phone digital 

camera.   

  

Figure 4.1a Schematic drawing of a 
streptavidin-coated magnetic bead binding 
to the biotin-decorated PCR-product that 
has hybridized to a microarray spot [110].  
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In the second approach, it was the reverse primer that was biotinylated in the PCR reaction. 

Subsequent to amplification and removal of the biotinylated strand, the sample containing 

the unbiotinylated strand was hybridized to the oligonucleotide spot of the microarray that 

corresponded to it’s specific SNP genotype.  A protease-mediated allele-specific extension 

(PrASE, [162]) procedure was then employed to extend only those bound strands that 

exhibited a perfect 3’ end match with biotinylated nucleotides. Also in this second approach, 

the streptavidin-coated microbeads could be employed successfully to visualize the binding 

pattern (figure 4.1b). 

The presented findings suggest that magnetic bead-based detection in combination with 

PCR may be a viable alternative for determination of SNP genotypes relevant for instance in 

HIV evolution and drug resistance. 

 

Figure 4.1b Magnetic microbead-decorated array spots, revealing the SNP 
genotype pattern. 



57 

 

Jesper Gantelius 

4.2 Rapid and simplified differential microarray analysis of four 

pestiviruses using magnetic microbeads (II) 

Outbreaks of infectious diseases among cattle and other farm animals are recurring aspects 

of agriculture and society, but can have devastating effects in terms of suffering, economic 

loss and risks for pan-species adaptation of the pathogen [41]. While the pathogen in 

bacterial, viral or fungal form can often nowadays be cultured, sequenced, and then 

identified from biological samples by means of PCR analysis, PCR alone is not always a 

realistic alternative for differential screening of large cohorts of animals, especially if the 

analysis needs to be performed on-site [37]. In paper II, we describe how microarray 

analysis with magnetic bead-based detection could be used in conjunction with PCR and 

generic primers for differential diagnosis of eight family members of the pestivirus family. 

First, reverse transcription PCR (RT-PCR) was used to amplify pestiviral RNA using 

biotinylated reverse primers and phosphorylated forward primers. Subsequently, Lambda 

exonuclease was added to the PCR product with the effect of phosphorylated strands being 

digested, which allowed for the resulting single strands to hybridize more efficiently to the 

DNA microarray. After hybridization, slides were rinsed followed by application of 

streptavidin-labeled magnetic microbeads (C1, MyOne, Invitrogen) suspended in 

deionized water.  
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Beads were attracted to the array surface by means of a planar solid magnet, and allowed to 

bind for ca 30 seconds. Subsequently, the magnetic plate was placed above the slide, which 

resulted in the release and removal of unbound and loosely attached beads. After drying the 

slide, the binding pattern could be observed by means of ocular inspection, microscopy, 

table top scanning or a digital photography (figure 4.2a). 

  

 

  

Figure 4.2a Magnetic bead-developed microarray slide, where 16 samples were 
analyzed in parallel (left). On the right, a zoomed-in developed array is shown. 
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Spots were characterized as being very strong ++, strong +, weak (+) or negative - (figure 

4.2b). Sensitivity and specificity was found to be comparable to that of gel electrophoresis 

and suspension bead array (Luminex). Thus, we suggest that employing the described 

procedure of generic PCR, Lambda digestion, microarray hybridization and magnetic bead 

detection could be worthwhile when large cohorts of animals need to be tested, but rapid 

access to a high-resource laboratory is unavailable. In this study, the total assay time was 4.5 

hours and 16 samples could be analyzed in parallel on the array slide. In principle it would 

be possible to print and harbor 384 arrays or more on one slide without major modifications 

to the presented procedure. 

 

  

Figure 4.2b Four levels of magnetic bead coverage on 
microspots and the resulting classification scheme.  
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4.3 Protein autoantigen microarray analysis of human autoimmunity 

using magnetic microbeads (III) 

Autoimmunity is a set of diseases where a host’s immune system reacts towards one of its 

own tissue or cell types. High level of autoimmune response can lead to dangerous or even 

fatal consequences if not treated, such as in the case of rheumatoid arthritis and diabetes 

mellitus type 1 [163]. The biomolecule that illicit the response is called the autoantigen, 

and while the immune response differ substantially between different autoimmune diseases 

[164], a common feature is the generation of autoantibodies that exhibit high affinity 

towards the autoantigen. When identified from a patient sample, the autoantibodies can be 

used as diagnostic markers of disease.  

In this study, a protein microarray consisting of 12 autoantigens was used to analyze 

presence of autoantibodies in samples from 21 patients that were previously diagnosed with 

autoimmunity, as well as in samples from three healthy control subjects. The purpose was to 

determine with what relative performance in terms of sensitivity, specificity and variability 

magnetic beads could be employed to detect the autoimmune responses when compared to 

the more well established fluorescence detection.  
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After sample incubation and washing steps, magnetic force was induced to transport the 

magnetic beads to the array surface by means of a solid plate magnet that was placed below 

the array slide. In a few seconds, all beads had reached the array surface, and after 

approximately one minute, the magnetic plate was moved above the slide in order to reverse 

the magnetic field and remove unbound or loosely attached beads (figure 4.3a).  After 

gentle washing, the slides were immersed for 5 minutes in 5% glutaraldehyde solution to fix 

the beads in place.  

  

Figure 4.3a Schematic representation of the microarray assay with 
fluorescense-based (top) and magnetic bead-based (bottom) detection.
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When dry, the slides could be scanned using a table top scanner, or imaged using a 

binocular microscope. All experiments were also carried out using fluorescently labeled goat 

anti-human IgG to detect bound autoantibodies. The duration of the fluorescence-based 

procedure was approximately twice as long as the magnetic bead assay due to longer 

incubation of the fluorescent secondary antibody, and here a biochip reader was used to 

visualize the fluorescence pattern.  

ROC-analysis was employed to investigate the sensitivity and specificity of the magnetic 

bead based detection relative to the fluorescence based detection. It was found that the area 

under the curve in the ROC analysis (figure 4.3b) was 98%, indicating a high level of 

concordance. It was thus concluded that magnetic beads as detection reagents could 

provide an interesting alternative to fluorescence-based detection, when sensitivity is not 

crucual and assay speed and convenient read-out is of essence 

 

 

 

 

 

 

 

 

Figure 4.3b ROC-analysis depicting the performance of the 
magnetic bead assay in comparison to the fluorescense-based 
assay.  
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4.4 A lateral flow protein microarray for rapid determination of 

contagious bovine pleuropneumonia status in bovine serum (IV) 

In paper IV, a lateral flow microarray assay was constructed with the purpose of developing 

a rapid, portable and cost-effective multiplexed test for contagious bovine pleuropneumonia 

(CBPP). CBPP is a severe respiratory disease that affects cattle, buffalo, zebu and yaks that 

were infected by the pathogen Mycoplasma mycoides subspecies mycoides small colony type 

(M. mycoides SC). In Western Europe, CBPP was successfully eradicated in the 20th century, 

except for few, but recurrent outbreaks [165]. The disease has also been eradicated in the 

US and in Australia. In Sub-Saharan Africa however, the disease is widespread and results in 

large socio-economical damage [166]. Access to cost-effective rapid tests with sufficient 

sensitivity and specificity is much needed in order to prevent future outbreaks and to 

eradicate the disease from the Sub-Saharan region.     
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In the present study, eight recombinant proteins were selected that were previously cloned 

from M. mycoides SC and evaluated in terms of their capability to specifically bind IgG 

molecules when incubated with serum from cows with a known CBPP infection [100]. 

These proteins were deposited in an array pattern in a nitrocellulose matrix that was fixed to 

a glass slide. A hydrophobic patch was created by means of attaching a line of industrial 

grease close to one end of the strip (figure 4.4a), which forced the sample to traverse the 

strip through it’s cross section.  

 

  

Hydrophobic
patch

Sample appli-
cation window

Figure 4.4a Photograph of a slide with three developed lateral flow microarrays.
The position of the hydrophobic patch area and the sample application window are
shown. 
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 The total assay time, from applying the sample to the strip being ready to be imaged was 

less than ten minutes, and a typical developed array can be seen in (figure 4.4b). 22 sera 

characterized as CBPP+ as well as 21 sera characterized as CBPP- were analyzed by the 

presented assay. The contribution from all antigens were summed up into a “decision score” 

which was used for predicting disease status. 
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Figure 4.4b Close up of a developed array (left) and the 
resulting intensity pattern as shown in a boxplot (right). 
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It was found that the overall sensitivity and specificity in terms of  AUC estimate could be 

estimated to 97% (figure 4.4c). While a comparison cocktail ELISA assay was found to 

exhibit better performance in general, the diagnostic accuracy achieved with the lateral flow 

microarray may still be adequate for rapid on-site screening purposes. Thus, the presented 

assay holds potential as an emergent technology framework for rapid, cost-effective and 

accurate CBPP diagnosis. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4c ROC-curve showing the performance 
of the lateral flow microarray assay. 
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4.5 Characterization of a protein lateral flow microarray through 

mathematical modelling and experimental assays (V) 

Lateral flow assays are ubiquitous and valuable diagnostic tools, due to exhibiting such 

advantages as rapid assay procedures, easy handling, portability and being relatively 

inexpensive. Lateral flow microarrays may provide additional features of multi-parameter 

analysis and conceivably improved sensitivity and lower variability [141]. However, due to 

analytes being transported by convection through the strip, spots that lie downstream may 

experience different conditions than upstream ones, which suggest that it may not be 

adequate to regard downstream spots as equivalent, even if they contain the same capture 

probe. To our knowledge there are no published reports that investigate downstream effects 

in serial  lateral flow microspot assays. 

In paper V, an attempt was made by means of lateral flow microarray experiments and 

computer simulations to investigate how such parameters as kinetic on- and off-rate and the 

analyte concentration influence the intensity distribution in spots that are positioned 

serially, “downstream”, on the lateral flow assay strip.  
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For the lateral flow microarray assays, a panel of four affinity binders selected from a library 

of affibody molecules [128], directed towards the tumor necrosis factor alpha (TNF-α), 

were immobilized in an array pattern of 40 spots per affibody in rows with only minimal 

spacing between downstream microspots (figure 4.5a).  

 

 

 

 

Figure 4.5a Slide with three developed lateral flow affibody microarrays (left). On the 
right a zoom in of the middle array is shown. The flow direction was from left to right. 
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For numerical simulations a commercial finite element method (FEM) environment, 

Comsol Multiphysics 3.5a (Comsol AB), was employed.  Here, a 2D-geometry depicting 

five microspots of 150 μm in diameter was constructed, and the spots were defined as 

containing a concentration of 1 μM of affinity binder. The spot ligands were set to be 

immobile and non-diffusive (figure 4.5b).  

 

. 

 

  

Figure 4.5b A finite element mesh employed for the numerical simulation of 

five lateral flow microarray spots is shown (top), with the middle sub-plot 

depicting the depletion of analyte from the sample and the bottom plot 

showing how analyte is leaking from spots during washing. The flow direction 

is from left to right. 
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The influence of a wide range of analyte concentrations and values of the kinetic on and off-

rates were investigated using the computer model. It was found that the amount of formed 

complex on the first spot was predicted by the simulations to be linearly dependent on the 

analyte concentrations for binders with sufficiently high affinity to the analyte. Further, it 

was found that a high kinetic on-rate introduced a strong depletion effect from the first spot, 

which made the formed complex in the second spot substantially less than the first one. A 

low kinetic on-rate introduced less depletion, and spots were more similar to each other. A 

low kinetic off-rate enabled formed complex to remain longer during washes, while a high 

kinetic off-rate resulted in a rapid decay of the amount of formed complex in the spots 

(figure 4.5c).  

 

 

 

  

Figure 4.5c  The fractional downstream decrease in downstream spots is 

plotted for a range of kinetic on- and off-rates. It can be observed that higher 

kinetic on-rates and lower kinetic off-rates result in a steeper downhill slope. 
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Reliable estimates of kinetic rate constants of the employed affibody molecules towards 

TNF-α are currently not available, and consequently, the proposed effects from on and off-

rate constants on the downstream and wash-effects could not be validated experimentally. 

However, substantial downstream and wash-sequence dependent effects were observed, 

suggesting that further investigation is needed (figure 4.5d).  

While still speculative due to lack of sufficient experimental evidence to validate the results 

from numerical simulations, the presented lateral flow microarray experimental framework 

may in addition to multiplexed analyte concentration determination prove useful for rough 

rankings of kinetic constants towards a sought analyte in an assay environment highly 

similar to that of the majority of rapid tests in use today. 

 

 

 

 

 

 

 

  

Figure 4.5d In the left figure, the intensity decrease of lateral flow array spots as a

function of number of washes is shown. It is proposed that steeper slopes indicate

higher kinetic off-rate. In the figure to the right, the downstream profile is plotted for

the four affibody binders. Here, a steeper slope is proposed to indicate a higher kinetic

on-rate. 
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Concluding remarks 

In this thesis, the development, application and characterization of two novel microarray 

assay formats is presented. DNA microarrays have for many years been useful tools for 

comprehensive investigations of gene expression, transcriptome profiling and differential 

diagnosis, but their application has typically been limited to laboratory environments. It has 

been demonstrated recently that DNA microarrays can be transferred into the lateral flow 

assay domain [167] and the studies presented in this thesis suggest that magnetic 

microparticle-based detection may also be an interesting analysis for improved portability 

and facilitated read-out from DNA microarray assays (paper I & II). In recent years, protein 

microarrays have begun coming of age, with antibody and antigen microarrays  particularly 

interesting for molecular diagnosis [72, 75, 96, 168]. In paper III-V, planar protein 

microarray assays with magnetic bead-based detection, and lateral flow protein microarrays 

were employed as tools for facilitated analysis.  

Technology advances in life science are presenting new and improved tools for genomic, 

transcriptomic and proteomic biomarker analysis and discovery, and it appears likely that 

the US$1000 genome challenge will soon be met, with commercialization of personal 

medicine likely to contribute to the growing demand for personal health information [170]. 

There is a strong trend towards integration, minaturization and improved portability of 

diagnostic assays [171] with for instance nearly pain-free blood sampling [172], devices for 

separation of blood plasma from cells [173] and on-chip dilution of biofluids [174], as well 

as promising progress in single cell and microdroplet technologies that may prove amenable 

for on-site analysis [175, 176]. Further, the quality of imaging hardware is improving 

rapidly, and CCD sensors are rapidly becoming smaller and less expensive, allowing for 

improved on-site data acquisition of results from portable diagnostic devices [177]. The 

improved global coverage of wireless internet access, together with decreasing costs further 

suggests that it will be feasible for individuals by themselves or with the assistance of health 
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workers to perform on-site diagnostic assays, while advanced image analysis, pattern 

recognition and data processing could be performed in data-centers and interpreted or 

annotated by medical professionals at a distance [178-181]. Finally, there is a considerable 

ongoing effort directed towards the generation and characterization of sensitive and specific 

affinity-reagents for biomarker analysis [70, 169].  

These observations suggest that in the years to come, personalized medicine and 

convergence of low-cost, high-throughput analysis and interpretation of an ever-growing 

number of biomarkers may contribute substantially to reducing the major burden of disease 

and death from for instance cardiovascular disease and cancer. In high-income countries, 

such achievements will likely result in improved average life expectancy and more adequate 

individual treatment for those affected by disease, although such efforts also need to be 

brought to low-income regions and contexts as a part of health care systems providing basic 

health care. In regions displaying high disparity in health between socio-economic groups, 

there is a need for the global community to assist in basic health and equality reform work, 

and in many cases clean water, adequate nutrition, primary education, basic training in risk-

prevention, vaccination and free or affordable treatment needs to be provided in addition to 

rapid testing by collaboration efforts between local governments, authorities, non-

governmental organizations and foreign aid bodies. 

In conclusion, microarrays can greatly contribute to early identification of disease, correct 

differential diagnosis and stratification of disease conditions for improved health care. 

Extending their useability and applicability into a wider range of settings and environments 

has the potential to strengthen democratization reforms of global public healthcare. Further 

improvement and development of the work presented in this thesis may contribute towards 

this goal. 
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