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Introduction 

The source code for all living organisms is stored in nucleic acids. Since the 
importance of nucleic acids in cellular functions was recognized1 and its 
structure was established in 19532, there has been a massive development of 
methods for studying the DNA molecule and its associated molecular ma-
chinery.  

DNA sequences provide an immensely valuable record of the state and 
potential of biological material. In infectious diagnostics the presence of a 
specific DNA sequence can be used efficiently and reliably as a reporter for 
the organism from where it originated. In cancer research, the recognition of 
causative mutations has led to an increased understanding of key events re-
quired for tumour development and new diagnostic approaches. 

Development of new molecular tools and improvement of assay formats 
have made significant impact on the rate of discovery. In attempts to answer 
biological questions in biomolecular assays crucial information is often lost 
by averaging over large volumes used in conventional in vitro experiments. 
As a consequence, manipulation and analysis of small amounts of liquid (10-

9 to 10-18 L) referred to as microfluidics, has gained considerable interest 
over the recent 15 years. This, in combination with probing methods from 
the biotech field, offers the possibility to control and monitor biochemical 
processes at the nanometer and micrometer scale simultaneously.The use of 
micro-fabricated structures for liquid handling was first reported by Terry et 
al in 19793. Since then, the materials and applications have developed in 
several directions. The main incentives for scientists to incorporate micro-
structures into their experiment design lie in its potential to reduce assay 
time and the need for peripheral instrumentation, as well as its capability to 
enable entirely new analytic approaches at the scale of individual molecules. 
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Background 

The genome  
The instructions for how to build and sustain a human being resides within 
the nucleic cellular compartment as a duplicate of ~3 billion bases of quar-
ternary code distributed in 23 chromosomes that make up our genome. Repe-
titive regions constitute the majority of the genome and only one percent 
code for proteins. A total of 5% of the bases seem to be under evolutionary 
constraint which suggests that this is the fraction that is functional 4.  

Since the identification of nucleic acids as the genetic substance by Os-
wald Avery in 19441, there has been an acceleration in the intensity of the 
study of the genome which culminated with the Human Genome Project that 
led to the release of the complete human genomic sequence in 20015. Some 
remarkable findings from this study, beside the actual sequence, were the 
approximate number of genes (then estimated to be 30,000-40,000) and their 
physical location, a more profound understanding of long and short inters-
persed repeats and also the detection of 1.4 million polymorphic single-base 
positions. The publication of this draft of the genome marks the start of the 
current postgenomic era which is where we are at current. Other large-scale 
efforts such as the HapMap6 project which completed the map of common 
haplotypes and the ENCODE4 project, which studied functional elements in 
one percent of the genome has also resulted in new knowledge that is fun-
damental to the understanding of our genome. Current ongoing projects such 
as the 1000genomes7 and others8 in conjunction with technical advances are 
constantly shrinking the genomic landscape from its recently ungraspable 
size to a manageable and addressable unit.   

Genetic variation 
There are different types of genetic variation that contributes to the trait dif-
ferences we see between individuals. In the most general sense, the variation 
within the genome can be either single nucleotide variants or structural var-
iations. Genetic variants are present at different frequencies within the popu-
lation and therefore classified as either common or rare. For a particular 
variant base or region to be considered common, the minor allele has to be 
present in at least 1% of the population9. In the case of single nucleotide 
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variants, they are defined as SNPs if they are common and private variant if 
rare.  Single nucleotide variation is, in some part due to the availability of 
several high throughput assay formats for interrogation, the most studied 
type of variation. To date approximately 11 million SNPs have been discov-
ered throughout the genome.  

Structural variants are important contributors to the spectrum of trait vari-
ation of genetic origin we see among individuals in a population10,11. They 
can be further subdivided into insertions, deletions, block substitutions, in-
versions, chromosomal aberrations and copy number variation. It is esti-
mated that structural variations account for 20% of all genetic variants in the 
genome and involve 70% of all variant bases9 and large-scale rearrange-
ments are common even among healthy individuals12,13. On top of the varia-
tion of the actual DNA sequence there is also variation in epigenetic patterns 
in CpG islands at promoter sites and within gene bodies that strongly influ-
ence expression patterns14,15.  

Variant detection methods 
A plethora of tools have been developed in order to assess the different types 
of variation present in the human population. In the relatively short but rapid 
evolution of the field studying molecular biology there has been countless 
steps in the development of tools to study the genome and also some occa-
sional leaps such as recombinant cloning16, Southern blot17, Sanger sequenc-
ing18, Polymerase chain reaction19, DNA microarrays20 and sequencing by 
synthesis/ligation21-24 to mention a few. The technologies for interrogation of 
genetic variation are constantly evolving and new innovations allow scien-
tists to ask more elaborate questions. To lower cost per data point and also in 
order to get a more holistic view of biological systems a tendency in method 
development in later years has been to aim for highly parallelized assays.     

Sequencing 
Sanger sequencing is the main method for detection of rare variants involv-
ing small regions (1-1500 bp). There are at present essentially three different 
types of sequencers that can be used to decode a particular sequence. Auto-
mated Sanger sequencing has been the workhorse of molecular biology for 
almost 20 years produce and it is still competitive for small scale studies and 
validations. The method uses dideoxy-terminated nucleotides to sequence 
clonal populations from either a transfected cloning vector or the product of 
a PCR reaction on a capillary electrophoresis instrument. The ABi 3730xl 
generates 2.1 million bases of sequence data in one day. 

Next generation sequencing (NGS) technologies generates data with a 
considerably higher throughput (1-10 billion bases per day) than Sanger 
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sequencing instruments. The key feature that the different platforms share is 
the ability to record signals from millions of spatially separated sequencing 
reactions taking place in a shared reaction volume. The throughput for these 
machines range from 1 billion bases per day for the 454 FLX instrument to 
over 10 giga base pairs a day for the ABi SOLiD.   

The first instrument to be publicly available was the 454 Genome Se-
quencer FLX 21. This system uses the BEAMing PCR techninque25 for pro-
duction of beads containing clonal populations of amplicons  which are then 
deposited in picotiterplates and sequenced with pyrosequencing chemistry26. 
The FLX instrument produces ~1 million reads of up to 500 bases in a 10h 
run. The long reads are easier to align compared to the output from short 
read platforms described below and it also enables unique mapping of 
partially non-unique sequences.  

At the high end of the spectrum in terms of data production are The Illu-
mina G1 Analyzer and the ABi SOLiD. The throughput of these platforms is 
continuously increasing and is of today roughly 100 billion base pairs of 
sequence per run which takes approximately one week. The Illumina plat-
form uses a protocol in which a library of fragments to be sequenced are 
equipped with common primer motifs and then distributed sparsely on a 
surface with immobilized primers so that monoclonal colonies of immobi-
lized amplicons form when amplified with PCR. To subsequently derive 
sequence from each colony it uses cyclic reversible termination (CRT). This 
is a scheme where all four fluorescently labeled reversibly terminated nuc-
leotides are added simultaneously for incorporation, recorded and then final-
ly deprotected to make way for next cycle (Fig. 1c). The ABi SOLiD plat-
form also uses the BEAMing technique for generation of colonies which are 
the immobilized on solid surface where the beads are decoded using the se-
quencing-by-ligation scheme described by Shendure et al.22 when they pre-
sented the open source Polony sequencing platform. In sequencing by liga-
tion an octamer is ligated to sequencing primer thereby interrogating two 
bases on the queried template.  

In addition the above mentioned instruments which are of most relevance 
to the selector technology there are also other techniques such as the SBS-
based technique from Complete Genomics27 offering service sequencing of 
whole genomes, the single-molecule approaches from Pacific biosciences 
which utilize the zero-mode waveguide principle28 and Helicos Biosciences 
which sequence single molecules by CRT.   
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Figure 1. The different steps of sequencing on the different platforms. For most 
applications, especially on short-read platforms, the sample is randomly fragmented 
(a). General motifs for sequence primers and barcodes are ligated to fragments. For 
direct sequencing, step a and b is replaced by a PCR where the sequencing primers 
are introduced into the fragments. Solid phase immobilized monoclonal clusters are 
formed (C) either on beads in emulsion PCR (454 & SOLiD) or directly on the se-
quencin slide (Illumina). Different sequencing chemistries are used by the different 
platforms (d) to achieve massive numbers of spatially separated sequencing reac-
tions. Illumina G1 and ABi SOLiD use four color fluorescence readout while the 
454 FLX GA use monochrome luminescence readout.          

Manipulation-by-Ligation  
In addition to being used for sequencing in the SBS scheme, DNA ligases 
are also useful for detection and quantification of common sequence va-
riants. Templated enzymatic intra- or intermolecular ligation of DNA mole-
cules is an effective process when the template and substrate exhibit perfect 
complementary within the enzyme’s footprint but if there are mismatches, 
the efficiency is severely compromised.  This selectivity of the enzyme of-
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fers the possibility to use ligation as a proxy to ask question about the se-
quence and relative abundance of one or several targets and there are numer-
ous assays based on this utility. Ligase mediated allele discrimination for 
SNP genotyping, first described in the oligonucleotide ligation assay29 
(OLA), is used in severeral technologies30-34. Genotyping of SNPs can also 
be performed in situ using padlock probes that primed from target and create 
rolling circle products (RCPs) that can be detected with fluorescence35. For 
sensitive multiplex detection of pathogens, a microfluidic readout format has 
been developed36. The assay creates fluorescence labeled RCPs from circula-
rized padlock probes which are injected into a microchannel for detection 
and discrete quantification. Detection of proteins and protein interactions can 
also be carried out using antibodies or aptamers coupled to oligonucleotides 
in the proximity ligation assay (PLA) in solution37 or in situ38.  

Genome partitioning for sequencing 
Simplex enrichment 
For most studies of a particular genomic locus in a complex sample, the re-
gion needs to be isolated from the rest of the genetic material prior to analy-
sis. Depending on the size of the region of interest different methods are 
applicable. For small regions 40-20 000 bases PCR is very suitable since as 
it is fast, robust and requires only small amounts of sample (~10 ng for se-
quencing). Although the method does not physically remove irrelevant ma-
terial, for a typical saturated reaction off-target material constitutes less than 
5% of the PCR product. Isolation of larger regions can be achieved using 
molecular cloning techniques16. This is however, much more cumbersome 
and the clones need to be identified and selected since a library of clones 
contains a random repertoire of the restriction fragments that where fed into 
the reaction. One advantage of the cloning method is the possibility to read 
haplotypes since the individual clones only contain one of the alleles.       

Multiplex enrichment 
The access to high-throughput computing and imaging devices provided by 
the progressive semi conductor industry has made great impact on how expe-
riments are conducted in molecular biology. Rapidly increasing computing 
capacity and digital readout formats enabled scientist to collect and analyze 
far more data points than with analogue formats and this has created a de-
mand for methods for parallel manipulation and interrogation of multiple 
targets. PCR is an excellent method for amplification of individual targets 
and can also be used in moderate multiplex reactions39  but it requires signif-
icant optimization and the risk of spurious amplification  products generated 
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by non cognate primer pairs increases exponentially in proportion to the 
number of  primer pairs40. Prior to introduction of the NGS instruments the 
main use of multiplex enrichment was complexity reduction before microar-
ray analysis. In order to avoid cross-hybridization resulting in low signal-to-
noise ratio on the array features, several innovative approaches have been 
developed31,41. The need for sample complexity reduction prior to genomic 
array hybridization was later circumvented by the Illumina WGG platform 
where massive (~mg) amounts of genomic DNA created pM concentrations 
of targets which resulted in sufficient signal.  

When the next generation sequencing methods were published it became 
obvious that these platforms would benefit greatly from the ability to enrich 
for multiple loci in parallel. There are many ways to solve this problem and 
there has been a long line of publications demonstrating different strategies. 
Enrichment can be done either on solid phase42-44 or in solution 45-48 and the 
means for enrichment include hybridization capture or polymerase and/or 
ligase mediated amplification(table 1).Hybridization capture can be  carried 
out on solid phase using Agilent’s Capture Arrays (244K), Roche Nimblegen 
HD1 (2.1M) or Febit’s HybSelect (fig 2a) or in solution using Agilent’s Su-
reSelect technology(fig 2b). They offer a simple method for capture of large 
continuous regions or even the complete exome. Genomic samples are frag-
mented by sonication and can be tagged with sequence libray motifs prior to 
array hybridization. A limitation with using these methods is that it is diffi-
cult to use probes for regions adjacent to repeats since these fragments pull 
out other fragments containing the same repetitive sequence. Furthermore 
these techniques require somewhere in the order of 10 μg of DNA regardless 
of the size of the targeted region49.  

Highly parallelized PCR amplification can be achieved either by physical-
ly separating the reaction vessels50 or by equipping the targeted regions with 
common primer pairs42,45,46. Raindance’s emulsion-based system Rainstorm  
(fig 2c) creates thousands of micro droplets, containing different primer pairs  
where single copies of the template are amplified. The system produces a 
mix of the targeted regions with very low amount of off-target material but it 
requires a dedicated instrument and a considerable amount of sample (7.5 μg 
for 3976 targets50).  

Molecular inversion probes45 (MIPs) (Fig. 2d), MegaPlex PCR (Fig. 2e), 
Gene Collector (Fig. 2f) and Selector probes (Fig. 2g, top) are methods that 
associates ends of targeted fragments with common motifs so that they can 
be amplified with a common primer pair.  For MIPs, this is achieved by 
priming a gap-fill reaction from the probe’s 3-end across the region of inter-
est and then creating a circle by closing the gap with a nick-ligation. The 
probes are easy to design for particular regions and can be used in highly 
multiplex assay (55,000 probes demonstrated). A limitation with the MIPs is 
that they suffer from some issues with sensitivity and uniformity. As a result 
of this it could be seen in the publication by Porreca et al. in 2007 that with 
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average depth of 412x only 75% where covered sufficiently to be called 
(>20X required). MegaPlex PCR incorporates the common motifs by two 
target specific elongations initiated from proximate forward and reverse 
primer pairs. Gene collector starts off by performing a conventional multip-
lex PCR with all the different primer pairs present in the solution. This 
creates various artifacts and also correct amplicons which are subsequently 
circularized and enriched for using multiple displacement amplification 
(MDA). Selector Probes, in vector containing version, associate targeted 
restriction fragments with a common motif during a circularization event 
requiring two ligations. In the Selector version without vector (Fig. 2g, bot-
tom) the targeted fragment is circularized and enriched for by MDA.    

 
Figure 2. Different strategies for targeted enrichment. Solid phase hybridization 
capture (a), solution hybrid selection (b), microroplet PCR (c), Gapfill MIPs (d), 
MegaPlex PCR (e), Gene collector and two versions of the selector probes (g) are 
depicted.  
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Table 1. Demonstrated techniques for multiplex targeted enrichment upstream of 
next generation sequencing applications.      

Name  Format Method for specificity Publication 

MIP 
Rainstorm 
Sure-Select 
Agilent 244K 
Nimblegen 

Solution 
Emulsion 
Solution         
Array 
Array

Gap-fill ligation 
PCR 
Hybridization 
Hybridization 
Hybridization

Porreca et al. Nat.Meth. 2007 
Tewhey et al. Nat.Biotech. 2009 
Gnirke et al. Nat.Biotech. 2009 
Ng et al. Nature 2009 
Hodges et al. Nat.Genet. 2007    

Selectors 
MegaPlex 

Solution 
Solid phase

Hybridization/ligation 
PCR 

Dahl et al. PNAS 2007 
Meuzelaar et al. Nat.Meth. 2007 

Hybselect Array Hybridization Summerer et al. Genome Res 2009 
Gene-
collector 

Solution PCR/ligation Fredriksson et al.NAR. 2007 

Microfluidics 
Although first reported on in the late 70’s3, there was little development of 
reaction miniaturization before 1990’s and it is still considered to be a rela-
tively new area of research. In a publication in 1990 of Andreas Manz, 
which is generally considered to have spurred the field, it is proposed that 
downscaling tubing-based biosensors by a factor of x will decrease assay 
time by x-2 (51. The example, a tube of ten times smaller diameter, would be 
expected to reduce the assay times by a factor of a hundred.       

There are several examples of bio molecular experiments that are enabled 
or enhanced by the use of microfluidics. The ability to spatially and tempo-
rally control the experiment vessel opens up new possibilities for experiment 
design52,53. Another interesting potential for microfluidics is the possibility to 
fabricate structures that mimic biological environments such as blood vessels 
and membranes. These structures make it possible to create gradients in 
laminar flow to obtain in vivo-like situations in vitro52,54.   

The movement of liquids in small channel dimension at low flow rate 
creates laminar flow due to a low (<2300) Reynolds number (Re).  This di-
mensionless number is the ratio between inertial and viscous forces in a flow 
of a liquid which will cause movement perpendicular to the flow direction of 
a soluble molecule to not be a random function of time (as in turbulent flow) 
but rather remain in its relative position in the channel and only move by the 
rate of diffusion. Laminar flow can be used to create a concentration gradient 
in a channel by introducing two species of liquids via a T-junction.     

Photolithography 
Developed for the purpose of producing semi conductive circuitry, the bun-
dle of techniques collectively referred to as photolithography, has proven 
very useful also for making microchannels55,56 for fluidics. The spatial di-
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mensions of the structures are defined by a lithographic mask and the type of 
etching (anisotropic or isotropic) and the etching time defines depth or 
height of the features. In the initial step of the process a silicon wafer is spin-
coated with a photo resist which is subsequently illuminated with ultraviolet 
light through a lithographic mask. The mask is a negative image of the struc-
ture to be produced and, using a negative photo resist, only areas exposed 
UV to will crosslink. Following the selective polymerization, non-cross 
linked photo resist is removed with organic solvent and the underlying silica 
is the subjected to HF etching57,58.  

PDMS replication 
Polydimethylsiloxane, is an elastomer and a very suitable material for repli-
cating structures in the micrometer scale.  Its elastic and deflectable proper-
ties and the fact that it is gas permeable has been utilized in various experi-
ments52,59. Cross linking of PDMS monomers is induced by a radical initiator 
agent. Master structures to be replicated can be produced with high resolu-
tion by soft lithography using SU-860,61. PDMS casting is very suitable for 
rapid prototyping and for production of small series of structures. However, 
since each mold occupies the master structure for ~1 hour, it is very time 
consuming to produce large series of replicas. Other features of PDMS that 
can cause problems in experiments are its tendency to swell in some organic 
solvents and the hydrophobic surface in its normal state. PDMS can however 
be made temporarily hydrophilic by the exposure to ozone plasma62.  

PDMS bonding 
In order to produce closed structures from cast replicas, the structures need 
to be sealed. PDMS comprises repeating units of –O-Si(CH3)2-. By exposing 
the replica to O3 plasma, polar groups are introduced on the surface. Al-
though the process is not fully understood, the common perception is that the 
plasma replace the methyl groups(-CH3) on the untreated surface with silanol 
groups (Si-OH). These silanol groups can later react via a condensation reac-
tion with surfaces presenting  silanol groups to form a strong covalent 
bond60.  
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Figure 3. The surface of the PDMS slab is oxidized using an air plasma (fig 1a). 
The oxidized surface is then brought in contact with a clean microscope slide surface 
and incubated at 80°C for 10 min (fig 1b.) to introduce a covalent bond between the 
surfaces.      

Thermoplastic injection molding  
Replication of micrometer scale structures by compact disc (CD) injection 
molding is a cheap and rapid production method with low variation between 
replicas. A negative master of the sought structure is fabricated by hydrogen 
fluoride etching of photolithographically patterned silica wafers which are 
then transferred to a nickel master. To replicate the nickel master it is then 
used as tool in the injection molding process where the structure is replicated 
in a thermoplastic material. The thermoplastic structures used in paper I was 
produced in Zeonor® using a compact disc injection molding system.  
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Present Investigations 

Paper I. Thermoplastic Microfluidic Platform for 
Single-Molecule Detection, Cell Culture, and Actuation 
The aim of paper I was to develop a convenient platform for DNA, protein 
and cell-based assays using existing techniques for large-scale production of 
micro patterned thermoplastic surfaces applied in compact disc injection 
molding. When working with microstructures casted in PDMS, which re-
quires 1h curing time, a substantial amount of time is spent on replicating the 
master wafer. For rapid prototyping applications where only small series of 
identical chips are needed, production time is not a limitation and soft lithog-
raphy with PDMS is advantageous over silica etching methods. However, if 
the project requires large amounts of disposable chips, like for cell culturing 
applications or experiments sensitive to material variance introduced by 
polymer wear out, long production times can be very limiting. To gain ac-
cess to larger quantities of chips with less effort we developed this platform 
based on injection-molded thermoplastic structures, where the cycle-time of 
production is less than 20 s. One issue with plastic chips that needed solving 
was how to create closed structures. When working with PDMS, the closing 
of structures is very simple and does not require expensive equipment. To be 
able to adopt this method to the polymeric material we used Electron beam 
evaporation to coat the surface with SiO2 which could then be bonded to the 
lid using PDMS bonding.  

In order to demonstrate the versatility of the chips we presented two dif-
ferent examples of what the platform could be used for. In the single mole-
cule application, a pool of circularized padlock probes was amplified with 
RCA. This produces a ~100 kilobases long concatemeric coil of single 
stranded DNA referred to as a RCPs or “blobs” which can then be labelled 
with fluorescent probes and detected as discrete objects in a confoncal mi-
croscope. By detecting and counting each RCP from an individual ligation 
event as a single molecule instead of measuring the sum of all signals in-
creases the precision in quantification was improved. The platform’s suit-
ability for cell culturing experiments was tested by first coating the channel 
surface with matrigel prior to injection of Chinese hamster ovary (CHO) 
cells which displayed signs of viability after 1 week in the channels. In the 
third experiment, on-chip actuation in form of peristaltic pumping was dem-
onstrated by orchestrated deflection of the PDMS membrane59.   
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Perspectives on paper I 
The microfluidic platform turned out to be useful for several applications 
and especially in the further work done on digital quantification of RCPs36. 
The injection molding procedure in compact disc format is very rapid and 
automated which makes it easy to produce the large quantities of fluidic 
chips needed for single use studies e.g. cell culturing experiments. The bot-
tleneck however that we experienced, was the post-processing of the struc-
tures which involved cutting them out from the discs and silica-coating of 
the surface. To speed up the cutting procedure we built a programmable 
milling machine where coordinates from CAD-files of the structures on the 
CD be imported. Using this device we managed to cut out one chip per min-
ute.  

Oxidation of the PDMS surface was achieved using a O3 plasma genera-
tor. Besides being a prerequisite for bonding the surfaces it also makes the 
surface hydrophilic which is preferred for most microfluidic applications 
since it reduces the risk for non-specific adsorption of proteins and formation 
of air bubbles in the channels. The hydrophilic state is unfortunately only 
transient63 because of hydrophobic  low-molecular monomers that  migrates 
to the surface. For this reason we were not able to batch process the bonding 
procedure of chips but instead we had to spend 40 minutes to prepare them 
freshly before each experiment.  In a recent publication by Zhigang et al.64 a 
method is described for coating PDMS surfaces with pluronics which makes 
them stably hydrophilic. Using this technology for the microfluidic platform 
presented in paper I would lower the hands on time needed for production 
and it also decrease the risk of getting air bubbles in the channels during 
experiments that span over a long time.                  

Electron-beam evaporation and sputtering were both tested as methods for 
silica coating of the substrate. We experienced that depositions made with 
sputtering aged during storage which resulted in the PDMS bonding of struc-
tures failing more frequently. Further experiments and characterizations of 
the material are needed in order to elucidate the cause of this.  
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Paper II. Interbead interactions within oligonucleotide 
functionalized ferrofluids suitable for magnetic 
biosensor applications 
The potential gain of new analysis and label-free readout platforms for bio-
medical assays is very easy to argue for. Since the early days of probing bio-
molecules, there has been a massive development of assays to address vari-
ous biological questions. Meanwhile, the vast majority of methods result in 
an optical output signal with some exceptions65-67. Biosensors based on the 
behaviour of magnetic nanoparticles when subjected to a magnetic field has 
been proposed previously by Connolly and St Pierre68. The method measures 
the magnetic particles’ ability to align to an electromagnetic field when al-
ternating current is applied at different frequencies. The frequency at which 
they lose that ability is inversely proportional to the hydrodynamic size of 
the particles. The theory has been demonstrated in an immunoassay where 
prostate specific antigen (PSA) was detected69.  

This paper investigates the possibilities of using magnetic beads and a su-
perconducting quantum interference device (SQUID) as a biosensor for de-
tection of DNA molecules bound to the surface of magnetic particles. The 
long term goal, later achieved in Strömberg et al70,71, was to develop a bio-
sensor to detect the difference between monodisperse magnetic particles in 
solution and particles clustered in RCP’s created from circularized padlock 
probes.  

The squid magnetometer reports on the hydrodynamic sizes of a popula-
tion of magnetic beads by measuring their rotational Brownian motion (ran-
dom rotation). The frequency of a switching magnetic field is swept over a 
frequency range from 0.1 to 1000 Hz. Switching on the magnetic field will 
cause the randomly oriented beads to align and thereby emit a signal in the 
form of a magnetic moment. The beads are now aligned and the magnetic 
field is switched off. In order for the beads to become randomly oriented 
when the magnetic field is applied again they must rotate by Brownian mo-
tion. The frequency at which the largest drop in signal is observed (fB),  i.e 
where the largest number of beads stop disorienting between magnetization 
cycles, can be used to derive the hydrodynamic size of the beads. For the 
proposed strategy increased hydrodynamic volume of the magnetic particles, 
detected as a shift in Brownian relaxation frequency (fB) would report on 
complex formation between magnetic beads and RCPs. RCP’s have been 
detected by fluorescence both in solution36 and on solid phase35,38. The mag-
netic readout with the SQUID instrument had the potential to be very sensi-
tive since it can detect very small changes in the hydrodynamic volume of 
magnetic particles.  

For the assay to be sensitive and reliable the beads need to be monodis-
perse in the solution. This paper focuses on the conditions needed for the 
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beads to function as biosensors. The amount of excess oligonucleotides used 
in the preparative coupling reaction, purification after coupling and the tem-
perature during sampling were important factors influencing the output sig-
nal from the solution. 

Perspectives on paper II 
The magnetometer instrument used in this study was a superconducting 
quantum interference device (SQUID). This is a rather large instrument and 
it is therefore not well suited for applications requiring portability. For these 
applications it might be more suitable to use a Hall sensor72 which is a sig-
nificantly smaller devise that could be integrated into a hand-held system. A 
limitation with the Hall sensor is that it is only capable of detecting the pres-
ence or absence of a single particle but it cannot retrieve qualitative informa-
tion of the bead such as hydrodynamic size.    
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Paper III. Targeted resequencing of candidate genes 
using Selector Probes  
Our goal in this project was to further develop the previously published se-
lector approach for targeted enrichment46. When comparing different en-
richment methods there are several important performance metrics to con-
sider such as cost, ease of use, input amount, sensitivity, specificity, uni-
formity and reproducibility49. In order to increase the ease of use we re-
placed the PCR amplification for MDA which is more compliant with 
current library preparation protocols for short read NGS instruments. An-
other prediction we made was that the MDA, based on the high processivity 
of Phi29 polymerase and random hexamer priming, would be less suscepti-
ble to sequence dependent amplification bias than PCR In addition to simpli-
fying the protocol this also eliminated the need for a general motif in the 
circular construct which reduces the sequencing overhead by ~20% when 
using a typical selector design for NGS of randomly fragmented libraries. 
Another difference from previous protocol is the introduction of a solid 
phase enrichment step using magnetic beads. This step was necessary in 
order to achieve sufficient enrichment over background due to ligase de-
pendent circularization or concatenation of non-targeted regions. However, 
in addition to increasing specificity this also allows enrichment of dilute 
samples without the need for preparative concentration steps. Since the tar-
geted region in this project is relatively small compared to other published 
demonstrations of enrichment strategies43-45,48; which generally target the 
whole or a large part of the ~1% exonic part of the genome, it was important 
to achieve high specificity in the discriminatory steps.         

 
Figure 4. Schematic picture of MDA amplification on circular (a) and linear (b) 
templates Elongation is initiated from degenerate hexamers and it displaces the 5’-
end of previously synthesized strands which creates new sites for priming.   
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The study involved resequencing of a previously characterized sample from 
the HapMap6 project, two colon cancer cell lines with matched normal tissue 
controls73 and also a DNA sample from a formalin fixed paraffin embedded 
(FFPE) lung cancer sample with matched control. The method’s ability to 
enrich FFPE samples is strategically important since the majority of samples 
stored in biobanks are FFPE. Typical quantities of DNA recovered from 
preparations on biopsies can be as little as a few micrograms and due to the 
fragmentation that the FFPE protocol causes, the DNA is poor template for 
MDA (Fig. 3b).    

Perspectives on Paper III 
Sample preparation methods for targeted resequencing has been recognized 
by many as a bottleneck for NGS and therefore gained a lot of focus in last 
three years. It is reasonable to expect that interest will fade somewhat as the 
capacity of the instruments soon will be at a level where several whole ge-
nomes can be sequenced in one run. However, small probe sets, like the one 
used for the experiments in this manuscript that enrich for only 0.003% of 
the genome (82 kbp), might still be viable for applications where a large 
number of samples are analyzed.   
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Paper IV. Multiplex PCR amplification using Extractor 
probes 
This paper reports on a new type of probe for targeted enrichment that can 
be used for several different applications.  
 
The Extractor probe associates its targeted single stranded DNA molecule 
with functional motifs on both the 5’- and 3’-end of the strand. The proce-
dure can be carried out on a multitude of genomic regions of interest in the 
same reaction tube subsequently allowing for multiplex amplification of 
these using a common primer pair. The procedure, described in figure 4, 
involves a ligation at the 5’-end of a restriction digested genomic fragment 
and a downstream probe primed elongation. Because the priming end of the 
probe is not dependent on a restriction end and therefore can be designed to 
hybridize anywhere within reach of the ligation site (up to 1000 bp demon-
strated), the amount of ROI within targeted fragments can be maximized and 
it also enables size coding of amplicons. Furthermore, the design of the 
probe is based on the theory, previously demonstrated both in DNA19,31 and 
protein detection37 assays, that dual recognition events of the target results in 
high specificity.  

 
Figure 5.  The genomic target is fragmented(a) using restriction enzymes and mixed 
with the Extractor (blue) and vector probe(red) (b). The vector is joined with the 
target fragment upon hybridization to the Extractor(c). Taq polymerase is added for 
initiation of polymerization from the 3’-end of the Extractor create the complement 
of the targeted fragment associated with flanking general motifs containing primer 
binding sites.      
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The performance of the Extractor probe is demonstrated in three different 
experiments with three different probe sets. The first experiment investigates 
how the size of the targeted region influences capture efficiency. The same 
fragment is captured with nine different probes. The ligation site is kept con-
stant while the distance to the priming site is increased by 200 bp increments 
up to 1000 bp. The efficiency does not seem to be considerably lowered by 
the increase of target size up to 900 bp. In the second experiment, four size-
coded probes are used to detect a copy number variation between chromo-
some 21 and X using capillary electrophoresis readout. The ratio in product 
yield between two probes targeting each chromosome is measured and a 
difference between samples containing one to five chromosomes per nucleus 
is detected.  In the last experiment the probes are used for capture exon cap-
ture. A probe set targeting 64 partially overlapping fragments in 21 loci was 
used for amplification and the enrichment of each loci was validated in a 
qPCR assay.                

Perspectives on Paper IV 
The initial goal for the Extractor probes was to use a structure-specific 
cleavage at the 5’-end of the fragment so that the design of both probe motifs 
would be independent of restriction sites. We have designed probes and 
tested this approach experimentally with randomly fragmented DNA and it 
is possible to amplify fragments using this scheme but with the protocol used 
the structure specific endonucleolytic cleavage seemed to introduce variation 
in abundance between different targeted fragments and the efficiency 
dropped significantly with increased target size. Increased variation between 
different targeted fragments have also been observed in probe sets with the 
design used in paper III when structure- specific endonucleolytic cleavage 
was used (data not shown). Since uniformity in the enrichment of targeted 
fragments is a key parameter we decided to keep the restriction digestion 
step.  
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