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           “Measure what is measurable, and make measurable what is not so” 

                               Galileo Galilei 
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Abbreviations 

DNA  deoxyribonucleic acid 

RNA  ribonucleic acid 

mRNA  messenger ribonucleic acid 

LOD  limit of detection 

SNP  single nucleotide polymorphism 

CNV  copy number variation 

CGH  comparative genome hybridization 

PCR  polymerase chain reaction 

qPCR  quantitative polymerase chain reaction 

ELISA  enzyme-linked immunosorbent assay 

PLA  proximity ligation assay 

OLA  oligonucleotide ligation assay 

MIP  molecular inversion probe 

SMART  spacer multiplex amplification reaction 

CIP  connector inversion probe 

FISH  fluorescence in situ hybridization 

MPSS  massively parallel signature sequencing 

SMD  single molecule detection 

ASM  amplified single molecule 

RCA  rolling circle amplification 

C2CA  circle-to-circle amplification   

SQUID  superconducting quantum interference device 

AC field  alternating current field 

HFP  high-frequency-peak 

LFP  low-frequency-peak 

SPDP  N-Succinimidyl 3-(2-pyridyldithio) propionate 

FP  fluorescence polarization 

PSA  prostate-specific antigen 
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Introduction 

There are many methods available for analysis of biological systems and 

their components. Together, they offer a wide spectrum of information that 

can be collected. The properties of the technologies determine the extent to 

which analytes can be analyzed, but at the same time decide what can not be 

analyzed. The ability to collect data from the different aspects of biological 

systems is therefore both enabled and limited by available technologies. 

Accordingly, it is of great importance to continuously develop new strategies 

for analyses of molecular systems. This thesis is a contribution to that re-

search direction. 

The thesis content can be separated into two parts. The first part consti-

tutes three works that present two digital strategies for detection of bio-

molecules. The second part is represented by one paper, which presents a 

new approach for non-optical biomolecular measurements. 



 10 

Background 

Precious Properties  

 

Preferably, a method for biomolecular analysis should fulfill a number of 

criteria to be useful and to reveal as much information of a sample as possi-

ble. Below follows the definitions that are used in the text to describe differ-

ent properties of a method. 

For some applications it is of great importance to be able to detect few 

target molecules. The smallest number of measurable analytes is defined as 

the limit of detection (LOD), and expresses the sensitivity of a method. This 

property is for instance valuable for detection of infectious microbes or 

spores thereof, as even very few of these can be infectious. The LOD is set 

by the noise level and variance. LOD is moreover affected by exclusive 

probe affinity for the target. The degree to which a correct analyte is meas-

ured in a background of others is referred to as specificity. This is for in-

stance relevant for analyses of clinical samples, since it is of great impor-

tance that a test is reliable and does not give false positives. The concept 

selectivity is related to specificity and refers to the ability to distinguish two 

analytes according to a given property. Selectivity is for instance of interest 

for enzyme-based analysis of single-nucleotide polymorphisms (SNPs), and 

reflects the enzyme’s ability to introduce the correct nucleotide or join the 

correct oligonucleotides. 

The linear dynamic range defines the window in which the detection re-

sponse is linear. The upper limit of this range is set by the saturation concen-

tration, whereas the lower limit is defined by the LOD. Within the linear 

dynamic range differences in analyte concentrations can be quantitatively 

distinguished. A wide dynamic range is of importance in many studies, for 

example when studying expression levels of different transcripts. The small-

est concentration difference that can be distinguished is referred to as the 
quantitative precision. The investigation of gene-copy number differences is 

one research area in which it is a key element to be able to analyze even 

small variations in dosage. Copy number variation (CNV) can be measured 

by a number of methods including comparative genome hybridization 

(CGH), both on microarrays (1,2) and in metaphase chromosomes (3). CGH 

in principle detects deviations such as deletions and duplications by compar-
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ing samples that are labeled with different fluorophores. The quantitative 

precision for such measurements is typically limited. 

To reduce both inter- and intra-experimental variation, an internal refer-

ence is useful. Simultaneous analysis of more than one analyte is therefore 

another precious property, referred to as multiplexing. Time and money are 

two other important aspects motivating parallel reactions in the same reac-

tion chamber. The term ‘multiplex’ derives from signal multiplexing in elec-

tronics, where several signals flow through a current simultaneously. Herein 

it refers to interrogation and reading of more than one analyte simultane-

ously in one reaction chamber. 

The properties of a method depend both on the initial probing of the target 

molecules and the readout. This interdependence explains the importance of 

developing encoding and decoding techniques to preserve the nature of the 

sample. The focus of this work is the readout of probed molecules. 

Analysis of Biomolecules 

Biomolecules can be evaluated with respect to quantitative or qualitative 

values. Qualitative analysis establishes the nucleotide, ribonucleotide or 

amino acid content and their sequential order. One example of a qualitative 

analysis is DNA sequencing, in which the sequence components and order of 

nucleotides are elucidated. Quantitative analysis, on the other hand, takes 

into account the quantity of a specific analyte. Such analyses are usually 

targeted and therefore depend on previous knowledge about the analyte since 

specific affinity reagents are needed. 

This thesis describes three readout formats for quantitative molecular 

analyses. These are all based on initial probing mechanisms that upon target-

recognition generate DNA circles. This section therefore primarily aims at 

describing such probing mechanisms. 

Proteins 

Quantitative protein measurements are typically performed using immunoas-

says, which are based on the specific recognition of a target protein by an 

affinity reagent. For protein analyses the affinity reagent is usually an anti-

body. The specificity of these assays depends on the specificity of the anti-

body. In addition, since they are solid-phase assays, extensive washing is 

important to reduce the background noise level. The use of a second anti-

body is one strategy to improve specificity (4). The enzyme-linked immu-

nosorbent assay (ELISA) is a common tool for antigen and antibody meas-

urements, using two recognition-events (5). A protein is captured by an im-

mobilized antibody, and then targeted by a second, labelled antibody. Such 

labels can be radioisotopic or fluorescent, but the most common detection 
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format utilizes horseradish peroxidase or alkaline phosphatase enzymes. By 

converting a substrate to a detectable color, the protein signal is amplified, 

which typically confers sensitivity to the assay. Immunoassays have been 

further developed to use DNA amplification. This is realized by connecting a 

DNA label to the recognition antibody. Immuno-PCR is a solid-phase tech-

nique that is based on target recognition of an antibody, which is equipped 

with a DNA tag (6). After washing, the tag is amplified with PCR. Immuno-

RCA uses the same principle, but instead of PCR amplification, a DNA cir-

cle is hybridized to the DNA tag (7). The circle is replicated using rolling-

circle amplification (RCA) (8), which is another amplification technique that 

is further described below. Another immunoassay using DNA tags is the bio-

bar-code assay (9). Target molecules are captured by antibody-equipped 

magnetic beads, and subsequently targeted by nanoparticles. The latter car-

ries both antibodies and duplex bar-code DNA. Single-stranded bar-code 

DNA is isolated from the beads and either pre-amplified using PCR, or de-

tected directly by hybridization. 

The proximity ligation assay (PLA) is a method for detection of individ-

ual proteins or interacting proteins, and is based on target-recognition by two 

or more binders (10,11). Pairs of protein-binding reagents, equipped with 

oligonucleotides, form reporter molecules through DNA ligation upon coor-

dinated binding of both probes. Amplification of the reporter molecules en-

ables sensitive detection, and is performed using either PCR or RCA (10,12). 

The requirement of two or more recognition events and a ligation reaction 

confers specificity to the detection. Furthermore, in contrast to the immuno-

assays described hitherto, PLA can be performed in a homogeneous format. 

Nucleic Acids 

Targeted analyses of nucleic acids are usually based on nucleic acid probes 

complementary to the target sequence. In its simplest form, the target mole-

cule is hybridized to the probe, and the hybridization is then detected with 

for example fluorescence or radioactivity (13). In order to confer specificity 

to nucleic acids analyses, methods have been developed which use co-

incidence detection of targets. The most common example is PCR, which 

requires the coordinated annealing and extension of two primer sequences in 

order to amplify a specific locus (14). Another example is a sandwich assay 

developed by Virtanen et al, in which the target DNA is captured by DNA 

immobilized on a nitrocellulose membrane, and then detected by the hy-

bridization of a second, labelled DNA sequence (15). Coincident detection 

can also be combined with a DNA ligation step. The oligonucleotide ligation 

assay (OLA) is based on selective ligation of either of two allele-specific 

oligonucleotides to a third oligonucleotide (16). The sensitivity of the 

method is enhanced by amplifying the sequences using PCR. Gel electropho-

resis separates the products, and enables size-coding of the fluorescence-
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labelled ligation products (17). OLA enables genotyping of known varia-

tions, and has inspired the development of several other methods. Two ex-

amples are the multiplex ligation-dependent probe amplification assay (18), 

and the GoldenGate assay (19), which have both been applied for sequence 

variation studies. The development of OLA in 1994 resulted in the padlock 

probe (20), which is an oligonucleotide with target-specific end-sequences. 

Upon correct target recognition, the juxtaposed probe ends can be enzymati-

cally ligated, forming a DNA circle (Figure 1a). The uni-molecular nature of 

the padlock probe makes it less prone to cross-reactivity, and improves the 

reaction kinetics. Moreover, the selective ligation reaction confers specificity 

to the assay. The reacted padlock probes are then replicated using PCR or 

RCA from common primer pairs in the non-target complementary sequence 

(21,22). The circular nature of the ligated padlock probes makes them extra-

ordinarily suitable as template molecules for RCA, as described below. Pad-

lock probes have been applied in many areas, for example expression analy-

sis (23), genotyping (22,24,25), and for the detection of infectious pathogens 

(26-28). Circularization can also be achieved after a gap-fill reaction (24). In 

the molecular inversion probe (MIP) assay a gap between the probe ends is 

filled with one nucleotide, and subsequently ligated (Figure 1b). The MIP 

assay has been used for simultaneous genotyping of more than 53,000 dif-

ferent targets (29). 

Methods for Complexity Reduction 
Targeted analyses are often facilitated by reducing the complexity of a sam-

ple. Advantages with complexity reduction are increased sensitivity, im-

proved signal-to-noise ratio, and less cross-hybridization, depending on the 

type of analysis. Analysis of a sample for the presence of a specific analyte 

is usually achieved by probing the nucleic acids along with amplification to 

enrich for the sequence of interest. PCR is a powerful method for selected 

amplification of target sequences. Multiplex PCR is however difficult, since 

the number of possible primer combinations, and hence the risk of false am-

plifications, increases with the number of primer pairs combined in one reac-

tion (30). Careful bioinformatics and tuning of all reagents permit multiplex-

ing to some degree, but in general it does not scale very well (31,32). 

The combination of pre-selective steps and subsequent PCR using com-

mon primer pairs has been one solution to this problem. General sequences 

are introduced via ligation of adaptor sequences to the ends of fragmented 

genome sequences (33,34). The fragmentation also enables size-selection 

(35). 

Probe-Based Selection 
One strategy uses hybridization of a genome sample to microarrays to cap-

ture the interesting sequences from a complex sample. Subsequent PCR of 

eluted DNA using common primer pairs enrich for the selected sequences. 
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This strategy has been applied as an initial step before sequencing (36-38). 

Homogeneous selection of specific DNA sequences can be achieved by us-

ing selector probes (39). These are oligonucleotides with target-specific 

ends, designed to select sequences from restriction digested genomes. All 

probes contain a middle section that is common to all selector probes, and 

which is made double-stranded by a second oligonucleotide. Capture hy-

bridization of the target sequence creates a DNA circle consisting of the 

selected genomic DNA and the general sequence (Figure 1c). The circle is 

closed by the selective action of a DNA ligase. Circular molecules are then 

distinguished from linear DNA by exonuclease treatments and selective am-

plification from the common primer pair sequence. Selector probes have 

been successfully applied in multiplex reactions, and have been applied to 

simultaneous amplification of 177 exons for sequencing (39,40). Other ap-

plications include measurements of gene copy-numbers by length-encoding 

the selected fragments (41,42). 

Several variants of the padlock probe have been applied for selective cap-

ture of genomic sequences. Recently, Porreca et al presented a probing 

method using a version of the gap-fill padlock probe (Figure 1b) (43). These 

probes hybridize on both sides of an exon which is thereafter replicated. The 

ends of the probe-exon sequence are then joined by a DNA ligase. In this 

version, two amplification processes are applied as additional selection steps. 

Similar probing techniques, entitled ‘spacer multiplex amplification reac-

tion’ (SMART) and ‘connector inversion probe’ (CIP), have been developed 

(44,45) and applied for selection of human exons and pathogen DNA, re-

spectively. 
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Figure 1 Three probing mechanisms for selective analysis of nucleic acids. A) A 
padlock probe has target-specific ends that hybridize a complementary sequence. 
Upon correctly hybridized end sequences, a ligase can join the probe to a closed 
circular molecule. B) The gap-fill probing mechanism is represented in several 
methods (MIP, CIP, SMART, exon capture probes (24,43-45)). The probes hybrid-
ize on both sides of one or more nucleotides. The gap is then filled by an appropriate 
polymerase, and joined by a ligase. C) Capture of a restriction digested genomic 
fragment using a selector probe. The probe has target specific ends and in this ex-
ample a common duplex middle-section, which introduces a general element in the 
formed DNA circle. All oligonucleotides are shown in grey, whereas the target nu-
cleic acid is illustrated in black. 

Multiplex Readout 

Multiplex readout can be achieved in many different ways. For instance, 

separation of nucleic acids can be performed by length-encoding the targets. 

This can be accomplished using gel electrophoresis (16,18,41) or mass-

spectrometry which offers even better resolution (46,47).  

Multiplexing can as well be attained based on spectral separation. Fluo-

rescence in situ hybridization (FISH) is a method for localizing the presence 

or absence of nucleic acids. Replacing the radioactive labels with fluores-

cence (48,49) enabled multiplex detection. The highest FISH multiplex spec-

trally resolves all human chromosomes (50). Spectral multiplexing has also 

been used for separation of microspheres. By defining these spectrally in a 

target-dependent manner, each spectral signature can be linked to a specific 

analyte, bound to the microsphere probes. The microspheres are analyzed in 

equipment similar to the flow cytometer, and information on the presence of 

the probed molecules is merged with the bead signature (51). 
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In spatial multiplexing, probe sequences are immobilized at known coor-

dinates. Target molecules are thereafter ordered after their match to specific 

array-sequences. The microarray platform has assumed a central role for 

multiplex expression analyses, genotyping, resequencing, and array CGH 

(1,2,52-54). Microarrays have proven to allow highly multiplexed analyses 

of more than three million SNPs (55,56). 

Highly multiplexed decoding of randomly arrayed beads has been accom-

plished by serial targeting of sets of tags (57). The combinations of called 

tags then refer back to the target identities, by subsequent association of the 

beads with the target sequences. These bead arrays are used as readout plat-

forms in several of the Illumina assays (58). Serial treatments are further-

more a prerequisite for the highly multiplexed ‘massively parallel signature 

sequencing’ (MPSS), which is a multiplex ligation-based sequencing tech-

nique (59). In MPSS, signature tags are qualitatively assayed by cycles of 

ligation, imaging and cleavage for transcript identification and quantifica-

tion. All massively parallel sequencing chemistry is based on serial interro-

gation of arrayed DNA sequences (60-63). The information from such ex-

periments is qualitative, but still generates quantitative information. This 

type of array and sequencing will probably replace the microarrays, as soon 

as they get cheaper. 

On Averaging Measurements 

Most methods for analysis of nucleic acids are based on measurements of a 

continuous signal in a defined volume or area. These methods measure an 

average of ensembles of molecules. Quantitative PCR (qPCR) is an example 

of such a method, which remains the gold standard for quantitative analyses 

of nucleic acids. In qPCR, the exponential product accumulation is measured 

by using dyes that intercalate double-stranded DNA (i.e. the PCR-product) 

(64) or using target-directed fluorescent probes (65). The cycle in a PCR at 

which the fluorescence signal exceeds a given threshold value correlates 

with the amount of initial target molecules in the sample. Estimates of the 

absolute number of target can be obtained by comparing the cycle of a sam-

ple to a standard curve from known target concentrations. The qPCR meth-

ods have a dynamic range spanning seven orders of magnitude, and ideally 

single-molecule sensitivity. These properties surpass those of many other 

methods. One disadvantage of qPCR is the quantitative precision which is 

relatively poor. In a very narrow template molecule concentration window, 

precision is at its best between 6 – 21%, depending on the number of PCR 

cycles that are run (66). Besides this drawback, very few target species can 

be simultaneously analyzed in one reaction. Not only does multiplex qPCR 

suffer from the inherent multiplexing problems discussed earlier, but the 

difficulties are also related to the simultaneous reading of several fluores-

cence spectra. This causes bleed-over problems, limiting the dynamic range. 
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The microarray is another example of a method where average measure-

ments are recorded. The presence of a target molecule is represented as a 

number of fluorophores that have been enriched for in a defined area in the 

array by the hybridization of a target nucleic acid and an oligonucleotide. 

The more fluorophores, the higher the intensity of the target-specific coordi-

nates. This technique handles highly multiplex analyses but with a narrow 

dynamic range, limited by noise from for example cross-hybridizations and 

saturation. Cross-hybridization problems can be dealt with by representing 

targets with in silico designed tags (57,67). Recently, a dual-tag microarray 

format was demonstrated, where the tags on a microarray are detected by 

ligation followed by localized signal amplification (68). This microarray 

format offers reduced background noise and a dynamic range improving 

from 103 to nearly 105. 

Single Molecule Detection  

For many studies the properties offered by methods measuring the average 

of an ensemble of molecules are sufficient. However, by resolving individual 

molecules, the digital nature of molecular populations is preserved. Counting 

single molecules furthermore enables the ultimate precision and LOD to be 

reached, for instance enabling detection of rare variants that would otherwise 

be missed. 

However, single molecule detection (SMD) is demanding. Fluorescence-

based SMD techniques for detection of single fluorophores are in general 

associated with considerable detection noise, and require very advanced 

equipment. The main difficulty is to deduce whether a supposed signal is a 

true signal or not, and improving the signal-to-noise ratio is therefore central 

to all SMD methods. This can be achieved either by decreasing noise, or 

increasing the signal in a strictly target-dependent manner. 

Amplified single molecule detection 
Increasing the signal of the single molecules can for example be achieved by 

employing several fluorophores onto one target molecule. This was demon-

strated in the first single-molecule analysis by Hirschfeld in a study where 

IgG antibodies were detected, each labelled with 80 – 100 fluorescein mole-

cules (69). Enrichment of many fluorophores is still used in many single 

molecule regimes, either by coupling multiple dyes to one molecule, or by 

clonal amplification of one template molecule (70). Amplified single mole-

cules (ASM) are created by compartmentalized amplification of individual 

targets. 

The first demonstration of amplification of individual templates was per-

formed on single male gamete cells (71). PCR templated by individual se-

quences has since been developed further. Digital PCR – isolated PCR start-

ing from one template molecule – is an amplified SMD technique that has 
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gained ground recent years (72). The assay was initially developed for digi-

tal quantitative analysis of rare mutations. The reactions were then separated 

by distributing maximal one template molecule per reaction chamber in mi-

crotiter plates (72). To scale up the assay, these were later replaced by water-

in-oil emulsions (Figure 2a) (73). Sample dilutions ensure that each micro-

reactor contains maximum one template sequence and one primer-covered 

magnetic bead. After polymerization the PCR products will be immobilized 

to the beads, which are later isolated from the emulsion suspension. Other 

digital PCR techniques are PCR performed in miniature reaction volumes 

(74), gel matrices (75,76), and in situ PCR (77,78), the latter starting from 

primers immobilized on a planar surface (Figure 2b). A diluted sample is 

applied along with reagents and the amplification products grow into mi-

cron-sized islets, each containing around 1,000 copies of the initial template. 

In digital PCR it is the binary end-point signal that is measured rather than 

the degree of amplification. The nature of a sample in terms of relative 

amounts of sequences is therefore revealed by counting the number of posi-

tive compartments. ASMs distributed on arrays are used as sequencing sub-

strates in several of the ‘next-generation’ sequencing chemistries (60,61,63). 

Measurements of individual DNA molecules allow applications where the 

ultimate precision is needed, for example detection and quantification of rare 

variants. In 1997, the presence of cell-free fetal DNA in maternal plasma 

was discovered (79). This finding would potentially allow non-invasive de-

tection of fetal aneuploidies. However, the fetal DNA dosage constitutes 

only a few percentages of the maternal plasma (80), which puts high de-

mands on the precision of such analyses. Counting individual PCR clones is 

one approach for high precision measurements. This can be achieved by 

digital PCR or massively parallel sequencing (80-82).  
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Figure 2 Three examples of digital amplification. A) Micelle compartmentalization 
of template molecules and magnetic beads covered with one of the primer se-
quences. Co-occurrence of a template molecule and a bead constitutes the prerequi-
site for PCR. The bead-immobilized product is thereafter analyzed. One of the ‘next-
generation’ strategies uses arrayed ASMs as substrates (right column). The array 
image is from figure 2 in (63). B) In situ PCR initiates from immobilized primers. A 
diluted sample is applied along with reagents for PCR, and localized replication 
takes place on the array. Incorporation of fluorescence-labeled nucleotides visualizes 
the product clones (right column). The array image is from (83). C) RCA of circular-
ized DNA creates a concatemer sequence that collapses into a micron-sized DNA 
coil. This ASM can be labeled with fluorescence probes (right column). The array 
image is from a representative rolling-circle ASM array. All scale bars are 10 �m. 

RCA 
RCA of circular DNA templates (8) is another way of creating localized 

amplification (84,85) (Figure 2c). RCA replicates a circular DNA template 

linearly to produce a concatemer product. In order for the RCA to proceed 

more than one turn around the template, a rolling-circle polymerase should 

have displacement activity. This activity is needed for pouring off the pro-

duced DNA from the circle. �29 DNA polymerase has this property, and is 

moreover very processive (86). These characteristics make the �29 DNA 

polymerase a suitable enzyme for this type of amplification. In contrast to 

the inherently diffusible PCR product, the rolling-circle product is one sin-

gle-stranded DNA molecule. Moreover, RCA creates ASMs without initial 

separation of the templates. The long single-stranded DNA thread collapses 

into a micron-sized object that can be visualized with fluorescence micros-

copy after hybridization of fluorescence-labelled oligonucleotides. This is 

because of the repetitive nature of the ASMs that creates local enrichments 
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of fluorophores over background. The fluorescent objects are easily detected 

even homogeneously (26,85,87,88). This characteristic has been used in 

papers I – III in this thesis. 

 

 
Figure 3 One cycle of circle-to-circle amplification (C2CA). RCA of a DNA circle 
creates a single-stranded product, which is monomerized. Double-stranded foot-
prints are prepared by hybridization of restriction oligonucleotides (RO), and a re-
striction enzyme cuts the RCA product. The monomers are circularized guided by 
the RO and catalyzed by a DNA ligase. Newly formed circles are templates for a 
second RCA, which produces ASMs of the opposite polarity. The polarities are 
illustrated in dark and light grey, respectively. Production of three circles from one 
starting 100-mer circle takes 12 seconds of RCA. Usually, a 100-mer circle is repli-
cated for one hour to generate approximately 1,000 circle copies (89). 

 

Digital quantification of ASMs can be performed in a certain concentration 

window. To move this window and increase the concentration of ASMs, an 

elegant technique entitled circle-to-circle-amplification (C2CA) can be used 

(89) (Figure 3). Circular DNA is first amplified by RCA, and the concatemer 

product is then cleaved into monomers through restriction digestion of the 

RCA product. The monomers are subsequently circularized and ligated, and 

a second generation of RCA can take place. The procedure is based on the 

intimate collaboration of a replication oligonucleotide and the different en-

zymes employed for the three different steps; digestion, ligation and replica-

tion. A one hour amplification of a 100 nucleotides long DNA circle gener-

ates approximately 1,000 repetitions in the RCA product, and hence 1,000 

RCA products are produced from one starting circle after one cycle of C2CA 

(89). The C2CA procedure can be repeated several cycles, depending on the 

initial target concentration and the sensitivity of the readout. The use of a 

common replication sequence makes the technique well suited for multiplex 

analyses, avoiding primer interactions and false amplifications. 
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Present investigation 

The aim of the present investigation was to develop approaches for digital 

quantitative analysis of biomolecules, and a new, alternative strategy for 

averaged analysis of rolling-circle ASMs. The common denominator for all 

included works is the circular sequence which is the product after detection 

of biomolecules using any of the probing technologies presented herein. The 

circles are further transformed into huge DNA macromolecules by RCA. 

Analysis of the amplified molecules therefore enables analysis of any DNA, 

RNA or protein for which there are affinity reagents. This thesis intends to 

present and discuss three readout strategies for analysis of ASMs. 

Papers I and II: Homogeneous Detection of Amplified 
Single Molecules and Characterization of Assay Key 
Parameters  

Paper I describes a novel technique for digital molecular analysis. The tech-

nique is based on the transformation of individual biomolecules to corre-

sponding micrometer-sized ASM. 

DNA circles are formed in a target-dependent manner, by applying pad-

lock or proximity probes. RCA of the circular templates produces the ASMs, 

which are subsequently labelled with fluorescent probes and pumped 

through a microchannel (87) as they are scanned by a confocal microscope. 

Enumeration of the ASMs is enabled by transformation of the raw data files 

to binary files by thresholding. The paper is a proof-of-concept and investi-

gates the quantitative precision, dynamic range, selectivity, multiplexing 

capacity, and the performance of the molecular tools in complex samples 

such as blood and faeces. 

The linear dynamic range proved to be approximately four orders of mag-

nitude. The inspected concentration window can be shifted by applying one 

or two cycles of C2CA (89). In paper I, the detection window was expanded 

to comprise concentration differences of seven orders of magnitude by ap-

plying two cycles of C2CA. 

We designed padlock probes (90) and applied the assay for sensitive de-

tection of the globally relevant pathogen Vibrio cholerae. The genome was 
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titrated and detected over four orders of magnitude and with a LOD of less 

than 80 bacteria.  

Encoding tags in the padlock or proximity probes enables multiplex 

analyses by assigning the ASM different fluorescence signatures. The selec-

tivity of the assay was investigated by adding two padlock probes to either of 

two samples from two closely related bacterial species. This duplex experi-

ment demonstrated a selectivity of at least 5,000 since no false positives 

were measured when detecting 5,000 correct ASMs. Moreover, spectral mul-

tiplexing of four different spectra using three fluorophores was investigated 

by dual labelling one of the ASM species. The dynamic range was unaf-

fected by the multiplexed format, in contrast to multiplexed qPCR. The 

ASMs are discrete units and the spectral profiles are therefore analyzed sepa-

rately, as opposed to qPCR which is based on averaged measurements from 

a crowd of fluorophores.  

In order to investigate the performance of the assay in complex samples, 

the ligation reactions were spiked by different amounts of whole blood or 

pig faeces. This experiment revealed that the assay was compatible with as 

much as 50% of whole blood with only a modest drop in efficiency. The 

corresponding amount of pig faeces was more than 0.05%. 

Using the optimal concentrations of salt and fluorescent probes, a local 

concentration of fluorophores could be measured to 7 �M by comparing the 

fluorescence intensity of ASM with a standard curve of fluorescent probes in 

solution. This corresponds to 700 fluorophores in the volume of an average 

sized ASM (800 nm diameter), which translates to an incorporation effi-

ciency of the fluorescent probes of about 80%. 

One way to recruit more fluorescent probes in the ASMs is to increase the 

number of monomers in the ASMs. This can be achieved by increasing the 

time allowed for the RCA or by reducing the size of the circle. The latter 

was investigated in an experiment with replication of differently sized DNA 

circles (from 50 to 93 nucleotides). The observed increase of signal-to-noise 

of a factor of 1.87 was very close to the expected 1.86. An alternative strat-

egy to increase the signal-to-noise ratio would be to include several tags in 

the circularizing probes to allow more fluorescent probes to be recruited per 

monomer. The latter strategy raised the question whether an ASM with a 

higher degree of duplex DNA would be stiffer and thereby affect intensity 

and size. Increasing the proportion double-stranded sequence in the ASMs 

did not seem to affect the compactness of the folding, but decreased signal 

intensity. 

Any aggregation of ASMs would disturb the digital nature of the analysis. 

The degree of aggregation was examined by creating a challenging environ-

ment, containing two populations of fully complementary ASMs. A random 

aggregation would yield a co-localization of about 0.05% as predicted by 

simulations, however mixing of the fully complementary ASMs only re-

sulted in an aggregation of 0.5%. To conclude, the ASMs seem to have a 
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very low tendency for aggregation even in this extreme situation of potential 

affinity, and the digital readout therefore appears to be very robust. 

Paper I established that ASM analysis of less than 1,000 objects is gov-

erned by Poisson statistics. This was done by comparing the observed varia-

tion to the expected variation of the counted objects. Paper II further ana-

lyzed under which circumstances this was true. By sampling ASMs at differ-

ent flow rates and comparing data variation with expected variation, it was 

concluded that high precision could be obtained only at high flow rates. At 

flow rates below a critical value, variation in flow rate will induce variation 

in sampling rate and the sampled volume will differ between replicates. To 

obtain a low LOD, however, scanning at low speed can be useful since a 

larger fraction of the sample volume can be carefully investigated. This is 

since the distance between consecutive scans is smaller than the diameter of 

the objects, and hence these will be scanned multiple times. The number of 

laser hits per object is dependent on the flow rate, and accordingly the num-

ber of detected objects. 

Perspectives on Papers I and II 

The readout platform described in paper I and II is similar to flow cytometry, 

but rather than single cell counting, this platform offers counting of single 

molecules. The method therefore offers precise quantification of single bio-

molecules. This feature in combination with the large dynamic range makes 

this method suitable for a variety of applications, including copy number 

measurements, expression analyses, bio warfare applications and other mi-

crobe detection. The dynamic range of 104 can be extended by collecting 

more data, which in turn can be realized by sampling for a longer period. 

The challenge then is to scale the data without scaling the noise. The data 

collection in papers I and II was point-wise scanning. Alternatively, the 

scanning procedure can be changed to illuminate and collect data with a line 

illuminating confocal microscope, which operates at least ten times faster 

than the point illuminating instrument. 

The readout is rapid and has the capacity to analyse four different targets 

simultaneously. The platform is now being developed further to an even 

faster and more automatic format by Q-linea (www.qlinea.com). In paper I, 

the ligation reaction for bacterial detection was performed for three hours. 

The long incubation time is explained by poor hybridization efficiency be-

cause of the low concentration padlock probes. The obvious solution to this 

would be to apply higher concentrations of padlock probes, but unfortunately 

that has turned out to interfere with downstream amplification and labelling 

reactions. The ligation protocol has now been reduced to five minutes with 

retained efficiency by introducing a solid-phase (magnetic beads) on which 

the targets along with circularized padlock probes are caught. Excess pad-

lock probes can therefore be washed away, and the circles eluted and further 
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processed. Furthermore, more complex samples can be used since agents 

affecting enzymatic reactions can be washed away. A microfluidic set-up for 

miniaturizing of the molecular and enzymatic reactions is currently devel-

oped. This would integrate the processes with the detection platform, which 

would contribute to both efficiency and reproducibility. New projects are 

initiated that utilize the virtues of the system. Examples include characteriza-

tion of bacterial growth with and without addition of antibiotic substances to 

elucidate sensitivity patterns, multiplex expression analysis of relevant genes 

in stem cells, and multiplex protein analysis using the PLA mechanism.  

Paper III: A Single Molecule Array for Digital Targeted 

Molecular Analyses 

Homogeneous detection of ASMs currently enables simultaneous analysis of 

four different ASM species. In order to be able to study a larger number of 

different targets, we decided to array the ASMs on a glass slide by random 

immobilization of homogeneously produced ASMs. Thereby, each ASM is 

assigned coordinates on the surface, and iterative targeting is enabled. The 

idea was to encode multiple tags into each ASM, which together would refer 

back to the target identity. 

Repetitive treatments of the arrayed ASMs put high demands on the array 

regarding attachment of the ASMs, as well as efficiency of the hybridization 

and dehybridization reactions. These parameters were investigated in one 

experiment by a series of ten cycles of hybridization and dehybridization of 

an arrayed ASM population. The hybridization reactions were performed 

with either of two oligonucleotides of the same sequence but labelled with 

different fluorophores. Odd hybridization reactions served to label the ASMs 

with FITC, whereas even hybridization reactions labelled them in Cy3. Im-

ages were collected with both filters which enabled us to state whether the 

hybridization and dehybridization reactions were efficient. Moreover, the 

ASMs were assayed with respect to their presence throughout the whole 

hybridization series. This experiment showed that 94% of the ASMs were 

attached and satisfactory detected throughout the hybridization series. These 

results are in fact similar to the bead array presented by Gunderson et al 
(57), recording a bead drop-out of about 3% after eight cycles of hybridiza-

tion and dehybridization on Illuminas random bead array, which can be 

compared to the corresponding number of 3.5% with our ASM array. 

In order to characterize the quantitative precision of our array platform, 

we diluted ligated padlock probes of one type in a fixed concentration of 

DNA circles of a second type, and then five different areas of the arrays 

were imaged. When more than 200 ASMs were counted, a quantitative pre-
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cision of 4% was achieved between the imaged areas. The dynamic range in 

this experiment was at least 103. 

As a demonstration of the array and the decoding procedure, we measured 

known gene CNVs. ASMs were prepared from samples deriving from two 

subjects (male and female) diagnosed as carriers of an extra chromosome 21 

(Down syndrome), and from two pooled reference genomes (male and fe-

male). Genomic loci from autosomal and sex chromosomes were selected 

using selector probes, which had been designed using ProbeMaker and 

PieceMaker softwares (90,91). In order to shift the dynamic range we ap-

plied one cycle of C2CA, which amplifies the number of circles (89). The 

ASMs were distributed on a glass slide and repeatedly targeted four times 

with small sets of fluorescent tag probes, a pool of sandwich probes and a 

fluorescent tag probe targeting a general motif in the ASMs. The number of 

fluorescent tag probes in each hybridization reactions was limited by the 

number of spectra that could be resolved. To increase the number of labels 

per tag, we targeted each tag twice in separate hybridization reactions (3 + 3 

distinguishable spectra). This would enable us to decode 36 (62) genomic 

loci. 

Image Analysis 
Images from different hybridizations were aligned, and pixels exceeding a 

general background threshold for the general stain were selected as informa-

tive. The total intensity information from all fluorescence channels and hy-

bridizations were represented as vectors (Wählby et al, in preparation). 

Likewise, the expected binary codes were represented as vectors, and the 

sampled pixel-vectors were compared to the reference vectors. The pixels 

were thereafter assigned the most similar of the reference vectors. Several 

parameters can be set to make this classification more or less stringent, in-

cluding thresholds for intensities and angular deviations from the reference 

vectors. Neighbouring pixels of the same identity were grouped and defined 

as belonging to the same ASM. Restrictions can be set regarding the minimal 

number of connected pixels to be defined as a true ASM. Finally, the identi-

fied ASMs were counted and further processed and interpreted. The counts 

were normalized with respect to ASM density in the image, and compared to 

a reference profile created from all samples. 

Two of the selected fragments targeted repeated segments in the genome, 

and those selector probes were discarded. Also, ASMs species with counts 

equal to or less than the level of noise were not further analyzed. Of the 31 

interpreted loci, all but one responded as expected. 

The most common strategy for binarization of signals is thresholding. Our 

method includes thresholding after representing the ASM signals as vectors. 

Our strategy to study ratios avoids potential problems related to bleed-over 

problems, and handles potential different intensity levels between ASMs. 
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Perspectives on Paper III 

The random array presented in paper III offers a platform for multiplex de-

coding of ASMs. The tags are either encoded via the probing mechanism, or 

added separately to the ASMs via an intermediate sandwich probe during the 

decoding process. There are primarily two parameters determining the mul-

tiplexing level: the number of distinguishable spectra, and the number of 

tags.  

In this study three fluorophores were used. The amount of spectra can be 

extended by using combinations of dyes. Alternatively, quantum dots can be 

applied. These are nanocrystals that are excited with ultraviolet light emit-

ting light in well defined and narrow wavelengths, enabling many spectra to 

be resolved with only one excitation wavelength (92). Another strategy for 

increasing the number of spectra is to apply several hybridization reactions 

per tag. The latter approach was used in paper III. 

Two tags were used in paper III, however, at least three tags could be in-

cluded with the current design. By using shorter tags and tag probes, more 

tags could be used. This would necessitate inclusion of nucleotide analogues 

that stabilize hybridization, such as locked nucleic acids (93), or a decrease 

in the hybridization temperature. Alternatively, short tags could be ligated to 

a primer, analogous to the sequencing by ligation procedure described by 

Shendure et al (63). 

Twelve tag probes enabled decoding of 36 different ASM identities as 

represented by binary codes. Using the same set of tag probes, serial additive 

decoding of one tag would have enabled us to decode 12 different identities 

(Figure 4). The number of tag probes then equals the number of decidable 

identities. The higher the number of identities to be decoded, the more moti-

vated is the use of combinatorial decoding schemes. The number of different 

targets that can be decoded following such a scheme is limited by the num-

ber of tags and tag probes. 
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Figure 4 Serial additive and combinatorial decoding using tags. One tag enables 
additive serial decoding, and the number of identifiable species therefore scales 
linearly with the number of tag probes per tag. Combinatorial tag decoding is based 
on the use of more than one tag. The number of tags then has a large impact on the 
number of identifiable species. 

By scanning the complete array area, potentially all ASMs could be re-

corded. This is since the array is created from all molecules in the sample by 

drying of the complete ASM solution. The dynamic range would in that case 

in theory only be restricted by the actual number of target molecules. How-

ever, the performance of the probing and labelling mechanisms, as well as 

noise, constitutes the upper and lower limits of the dynamic range. For mul-

tiplex measurements, the error rate of the decoding is another plausible limit-

ing factor of the dynamic range. With our regime, the error frequency is 

expected to be very low as any false characterization demands both a gain 

and a loss of signal. The potential of assaying all target molecules in a sam-

ple is very attractive, and invites applications as detection of rare variants. 

Preferably, the whole procedure should be performed while mounted in the 

microscope, preferably in a microfluidic set-up. This would improve speed 

and decrease costs, and the alignment of images from different hybridiza-

tions could be avoided. The latter would liberate one more dye for decoding. 

Not only the dynamic range is improved by collecting more data; also quan-

titative precision will be increased. 

The random array platform lends itself for applications in many different 

areas. One area is applications where combinations of information are 

needed, as is the case with for instance characterizations of splicing patterns. 

We are currently developing a strategy for assessing the exon presence of 

mRNA, represented as combinations of tags (Conze et al, in preparation). 

Moreover, the ASM-array platform should be an interesting alternative to the 
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presented ASM sequencing techniques (60,63), and we look forward to 

evaluate them with our ASMs. 

Recently, two approaches for sequencing have been developed using 

ASMs as substrates. Pihlak and coworkers grew ASMs directly on the array 

from genomic DNA circles that had been unspecifically preformed in solu-

tion (62). The sequencing procedure was based on sequential shot-gun hy-

bridization of short fluorescent probes, and does therefore not employ en-

zymes. The latter makes this a cheaper alternative to other, competing tech-

nologies. An intrinsic limitation of using solid planar surfaces for molecular 

analyses is the reaction kinetics. The probability that two molecules will 

encounter each other is less if one of them is immobilized to a planar surface 

compared to molecules in solution. The second approach is more similar to 

the array presented in paper III. Preparation of ASMs is performed in solu-

tion, and the molecules are thereafter sorted on arrays (94). In contrast to our 

array, the ASMs are ordered according to a nanogrid. The sequencing chem-

istry applied is similar to the ligation-based chemistry demonstrated by 

Shendure and coworkers for sequencing of beads (63). 

Paper IV: Sensitive Molecular Diagnostics using 
Volume-Amplified Magnetic Nanobeads 

Paper IV presents a new approach for ASM analysis. In contrast to the pre-

vious works, this approach is neither digital nor optic. Rather, it uses a mag-

netic strategy for measurements of induced rotation of magnetic beads in an 

alternating current field (AC field). The frequency by which this rotation 

occurs is directly related to the hydrodynamic volume of the beads (95,96). 

This feature was used in paper IV to detect ASMs. 

In this study, 130 nm magnetic beads were used, each composed of clus-

ters of magnetic single domains of magnetite and held together by a dextran 

layer. Capture oligonucleotides were coupled to the NH2-modified bead sur-

face using SPDP chemistry (97), i.e. the beads were functionalized. The 

beads were then mixed with an ASM sample, and the rotation frequencies of 

the beads were measured using a superconducting quantum interference 

device (SQUID). The rotation frequencies reflect changes of the surface 

chemistry, such as the increased hydrodynamic volume caused by binding of 

beads to the ASMs. This results in a drastic decrease of the bead frequencies, 

and can be traced in the frequency spectrum: (i) the proportion of free beads 

decreases, detected as decreased amplitude of the high-frequency-peak 

(HFP), and (ii) the proportion of interacting beads increase (Figure 5). The 

latter is detected as an increase of the amplitude of the low-frequency-peak 

(LFP). Both are consequences of the interactions between the ASM macro-

molecule and one or more beads. 
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The height of the HFP corresponds well with the ASM concentration, and 

accordingly the concentration of targets. By measuring the proportion of free 

beads, a LOD was recognized in the low picomolar range. The dynamic 

range was measured to span about two orders of magnitude. Recently, new 

observations were published suggesting that the use of smaller beads (< 100 

nm) would enable quantitative measurements of the increase of the LFP 

(98). 

 

 
Figure 5 The rotation frequencies of magnetic beads that are exposed to an AC field. 
A) The frequency by which free functionalized magnetic beads rotate (HFP). B) By 
hybridization of functionalized magnetic beads to ASMs, the hydrodynamic vol-
umes of the beads increase. This results in a decrease of the proportion of free beads 
(HFP), and an increase of the frequency by which complexed beads rotate (LFP), as 
illustrated by the arrows. The magnetic response was normalized against the mass of 
the magnetic material in the sample. 

The optimal hybridization conditions were investigated and it was concluded 

that 30 minutes incubation in 70ºC was the optimal treatment. The melting 

temperature of the complementary oligonucleotide is 67ºC. The explanation 

is probably a combination of diffusion (faster in higher temperatures), and 

the fact that each bead is equipped with several oligonucleotides. The total 

melting temperature of the bead is therefore higher. 

Fluorescence polarization (FP) is an optical strategy for characterization 

of the rotation of the fluorophore, and measures the degree of polarization of 

emitted light after excitation with plane-polarized light (99). Free fluoropho-

res tumble, and therefore emit depolarized light. Fluorophores immobilized 

to other, larger molecules rotate slower which is mirrored as a larger degree 

of polarized emission (100). This technique is related to our method, and we 

therefore considered it valuable to compare the two. A similar titration series 

of DNA circles was performed and evaluated with FP. The recorded LOD 

for this method was slightly higher than that of the magnetic approach 

(11pM ASMs). 
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The ASM-nanobead complexes were furthermore studied using epi-

fluorescence microscopy. Arrayed ASMs were investigated by hybridization 

of a Cy3-labelled oligonucleotide along with a FITC-labelled oligonucleo-

tide that was coupled to the magnetic beads. Bright-field images showed co-

localization of nano-particle clusters with the fluorescence-labelled ASMs 

after hybridization of the conjugate, whereas no such clusters were formed 

using the uncoupled oligonucleotide. 

Perspectives on Paper IV 

The principle of the magnetic readout was initially described by Connolly 

and St Pierre (96), and demonstrated for protein detection by Astalan et al 
(95). Binding of the PSA protein to antibody-equipped magnetic beads in-

creased the hydro-dynamic volume of the beads, and thereby shifted their 

rotation frequencies. By rather probing target molecules and transforming 

these into large DNA macromolecules, a more dramatic decrease of the bead 

rotation is induced. The molecular weight of one ASM is about a thousand-

fold higher than the PSA, which has a molecular weight of 34 kDa. 

Small beads reorient faster in response to a change in the field than large 

beads. The possibility to separate bead sizes according to their rotation fre-

quencies opens up for multiplex reactions by scanning at multiple frequen-

cies. Several aspects need to be looked into, though. The size distribution of 

the beads should preferably be small to simplify data interpretation. Fur-

thermore, the kinetics and incorporation into the DNA macromolecules dif-

fer depending on the bead size. Large beads diffuse at a slower rate com-

pared to small beads (250 nm versus less than 130 nm), and consequently 

need longer time for hybridization (98). In addition, the incorporation of 

large beads is most probably sterically limited. 

Magnetic biosensor approaches have advantages over ones based on op-

tics. Problems common to optical systems, such as photo-bleaching and 

background light sources, do not have their equivalents in magnetic devices. 

Paper IV indicates that several parameters can be further optimized, for 

example the bead concentration. This is especially true if another, miniatur-

ized equipment with a size matching the investigated beads, would be used. 

Furthermore, placing the sensor closer to the magnetic field, as in miniatur-

ized formats, should increase the signal. This would in turn improve LOD. 

Integration of the enzymatic reaction chain and the detection system in a 

microchip would potentially allow the development of a sensitive and cost-

efficient diagnostic device. 
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kontoret som på konferenser och liknande. Tack också för att du granskade 

kappmanuset. Olle för hög stämning och volym på labbet. Rachel för ett gott 

humör och godis. 

 

Tack också Carolina för alla dessa små och stora blobskript som förmår att 

undersöka blobbar ur alla tänkbara aspekter, och tack för många goda råd 

och uppmuntran. Mathias för att jag fått spräcka din ‘time management’ så 

många gånger, och för mycket kul. Och för att du läste kappan. Reza för 

trevligt sällskap vid labbänken, Johan O för suverän support – kul att du 

blev kvar! Ola för ägg, Joshua-“trädet”, och för en konstant avspänd syn på 

läget. Masood för ett smittande gott humör. Tim för att vi tillsammans gång 

på gång verifierat satsen ”ett löst problem skapar tio nya”, och för Ica Conze. 

Anders för att du alltid har en historia att berätta, och för att du ställer upp 

som ordförande dagen D. Johan S – allas vår språkpolis. Tack för det och för 

tillförsel av syre till hörnet. Henrik för härliga sarkasmer, och Carla för att 

du tillsammans med Lena ser till att hålla labbet på benen. Lena - tack för 

alla dessa blobbar och alla experiment! De i princip alltid leende I2, Irene 

och Ida. Kalle för fint samarbete på SBL-projektet, och Agata för att du pre-

cis som jag diggar Flogsta. Sara för den alternativa devisen ”varannan rött, 

varannan vitt”, och Katerina för ifrågasättanden samt glada skratt i korrido-

ren. Yuki för att du håller koll på Mats åt mig (jag borde skaffat en web-

kamera för länge sen). 
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Alla studenter: Sara, Daniel, Ronnie, Marta, Anna, och Oskar för alla expe-

riment... 

 

De nya gruppmedlemmarna Gucci, Maria och Johan V: hjärtligt välkomna! 

 

Alla som på något sätt bistått när bilen havererat: Snaevar, Jimmy, Jonas J, 
Johan, Krister och Pappa. 
 

Blockflöjtsgängen. 

 

Gamla och nya vänner. 

 

Tack till svärfamiljen Lars-Åke, Anita, Helena och Johan. 

 

Tack till Mormor, Krister, och Henrik. Tack till Anita. Mamma, Pappa och 

Tomas – med en sådan familj är allting möjligt. Tack för allt. Ett extra tack 

till Pappa som alltid har värdefulla synpunkter, även när det gäller blobbar. 

 

Håkan – för att du halkat omkring bland mina artiklar för att ta dig fram med 

en macka eller vad månde vara. Tack för allt. 
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