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propionate 
ss single-stranded 
SSP small-sized peak 
SQUID superconducting quantum interfer-
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magnetic susceptibility 
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1. Introduction and aims 

There are many methods for detecting biomolecular targets in life-science ap-
plications. Some of the most important applications of biosensors are used in 
medical diagnostics, for detection of dangerous pathogens in the environment, 
in drug discovery, and in veterinary medicine. Medical diagnostics tests should 
be easier and provide faster, less expensive results than traditional bioassays, 
with minimum human intervention. At the same time, they should be highly 
sensitive and specific.  

Diagnosis of infectious diseases is generally carried out by isolation and 
cultivation of microorganisms. This process takes several days and usually 
demands technical skill and complex equipment. Rapid detection and identifi-
cation is desirable in order to avoid delays in starting appropriate patient ther-
apy. Delayed diagnosis can result in longer patient suffering, increased patho-
gen toxicity and a higher probability of more severe symptoms. Diagnostic 
tests should also be inexpensive; this is especially relevant in many developing 
countries where the lack of access to and affordability of diagnostic tests re-
mains a major cause of the disease burden.  

Several biosensor platforms currently exist (such as electrochemical, optical 
and piezoelectric biosensors) but magnetic biosensors have gained ground in 
recent years because of their potentially low-cost production and ease of use. 
Furthermore, they offer high sensitivity and are simple to fabricate. In mag-
netic particle-based bioassays, in which magnetic particles (also denoted mag-
netic nanobeads) are labeled with probe molecules, changes in either the static 
or dynamic magnetic bead response are detected on interaction with the target 
of interest. 
   This doctoral thesis concerns the development of a new magnetic bioassay 
principle, called the volume-amplified magnetic nanobead detection assay 
(VAM-NDA), and contributes to the current research on the development of an 
easy, low-cost, point-of-care biosensor. The principle aim of this work was to 
develop and optimize the VAM-NDA and to improve understanding of the 
microscopic mechanisms influencing the assay. 
 
In more detail, the aims of each appended paper were as follows: 
 
Paper I: To investigate how the bioassay might be affected by varying parame-
ters such as oligonucleotide surface coverage, bead concentration and enzy-
matic amplification time. 
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Paper II: To demonstrate quantitative duplex and qualitative triplex detection 
of DNA using the VAM-NDA. 
 
Paper III: To investigate the bead immobilization characteristic of the VAM-
NDA, i.e., how oligonucleotide-functionalized magnetic beads of different 
sizes are immobilized in the target DNA coil. 
 
Paper IV: To use the VAM-NDA for detection of a clinically relevant analyte 
(bacterial genomic DNA) by implementing a new solid-phase molecular prob-
ing and amplification procedure. 
 
Paper V: To evaluate sulfo-succinimidyl-4-(N-maleimidomethyl) cyclohexane-
1-carboxylate (sulfo-SMCC) coupling chemistry for attachment of oligonu-
cleotides onto dextran-coated amine-functionalized beads in terms of robust-
ness and stability, and to investigate the hybridization efficiency of comple-
mentary DNA coils to the oligonucleotide-tagged beads.  
 
Paper VI: To evaluate the possibility of implementing the VAM-NDA on a 
simple, easy-to-handle, high-sensitive alternating current (AC) susceptometer 
platform. The aim was also to compare the performance of the assay using the 
AC susceptometer with that achieved using a superconducting quantum inter-
ference device (SQUID).  
 
Paper VII: To, for the first time, use the VAM-NDA for detection of proteins 
through the proximity ligation assay (PLA).  
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2. Biosensors and ferrofluids 

A biosensor is defined as a compact analytical device incorporating a biologi-
cal or biologically-derived sensing element that is either integrated within or 
intimately associated with a physicochemical transducer. The usual purpose of 
a biosensor is to produce either discrete or continuous digital electronic sig-
nals which are proportional to the concentrations of a single analyte or a re-
lated group of analytes.1 
   A biosensor consists of three essential components: the biological detector, 
which recognizes the physical stimulus; the transducer, which converts the 
stimulus into a measurable signal; and the output, which includes amplifica-
tion, display, etc. in an appropriate format (Figure 1).1 The transducer should 
be capable of converting a biorecognition event into a measurable event. Typi-
cally, this is done by measuring the change that occurs when an analyte recog-
nizes a specific molecule. There is a wide range of available transduction 
mechanisms, including electrochemical, electric, thermal, optical, piezoelectric 
and magnetic.2 Recently, the use of nanomaterials has allowed the introduction 
of new transduction mechanisms in biosensors and other nanosystems.3 
   The analyte is a biologically active substance, such as a nucleic acid 
(genosensor), an antibody or antigen (immunosensor), an enzyme or a receptor, 
capable of recognizing a specific analyte and regulating the overall perform-
ance (specificity, response time and sensitivity) of the sensor.2 
   A summary of common biosensing technologies, focusing on non-magnetic 
and magnetic sensors, is provided below. 

Biological 
detector

Transducer

Output

nucleic 
acid

protein

antibody

enzyme

receptor

electrochemical

electric

thermal

optical

piezoelectric

magnetic

Biological 
detector

Transducer

Output

nucleic 
acid

protein

antibody

enzyme

receptor

electrochemical

electric

thermal

optical

piezoelectric

magnetic

 
Figure 1. Simplified illustration of a biosensor device. 
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2.1 Non-magnetic biosensors 
Several available biosensors, such as fluorescence-based sensors, electro-
chemical sensors and piezoelectric sensors, rely on non-magnetic transducers.2 
A brief summary of the main characteristics of some common non-magnetic 
biosensors is given below. 
   Electrochemical biosensors have been in use for nearly fifty years and have 
played a significant role in the development of point-of-care diagnostic de-
vices.4 They offer good sensitivity and a simple detection technique.5 However, 
contamination of the biosensor surface can result in failure.6  
In electrochemical biosensors, probe molecules are attached to an electrically 
active surface, and changes in an electrical parameter (e.g. current, potential, 
conductance, impedance or capacitance) caused by a hybridization reaction are 
measured.7, 8 Conductometric biosensors measure the biological and chemical 
changes in conductance between a pair of metal electrodes in a bulk solution. 
With potentiometric biosensors, the change is detected by converting the rec-
ognition event into a potential signal using ion-selective electrodes. Am-
perometric biosensors operate by applying a constant potential and monitoring 
the current associated with reduction or oxidation of the electroactive species 
involved in the recognition event.9, 10 Amperometric biosensors have the ad-
vantage of being more sensitive, inexpensive and rapid than potentiometric or 
conductometric biosensors.9 
   Fluorescence detection is currently the most widely used method in bio-
molecular imaging because of its high sensitivity, selectivity and multiplex 
capability.11-14 However, this form of detection has been associated with some 
intrinsic disadvantages, including background fluorescence and photobleaching 
of the fluorophor. Furthermore, assays using read-out techniques based on 
optics usually require advanced, expensive equipment. The requirement for 
these expensive instruments significantly hinders the development of point-of-
care clinical applications. 
   Quartz crystal microbalance (QCM) biosensors are mass-sensing devices that 
are composed of piezoelectric materials. This unique behavior provides an 
opportunity to investigate biorecognition events. An electric signal passes 
through a gold-plated quartz crystal, causing a vibration at a specific resonant 
frequency. The frequency of oscillation in the crystal is then measured. When 
used as a biosensor, the QCM detects changes in the frequency of the crystal as 
a result of changes in mass on the sensor surface of the crystal.15 DNA sensors 
based on QCM have been developed for application in environmental and 
clinical analyses.16-18 
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2.2 Magnetic biosensors 
Magnetic beads and nanoparticles in biosensing applications offer unique ad-
vantages. First, the magnetic background in a biomolecular sample is usually 
insignificant. Second, the magnetic properties of these particles are very stable 
over time and are not generally affected by reagent chemistry or exposure to 
light. Third, the stray magnetic fields from the particles, and the externally 
applied fields used to manipulate the particles, are not screened in biological 
environments. Finally, they are relatively inexpensive to produce and can eas-
ily be made biocompatible.19-22 
   Magnetic biosensors measure the superposition of stray fields from magnetic 
nanoparticles. The nanoparticle stray fields are determined by the applied 
magnetic field amplitude [both direct current (DC) and AC magnetic fields 
may be used] and the superparamagnetic response of the nanoparticles. The 
magnetic field sensor surface (or surfaces in the case of sensor arrays) can be 
functionalized with probe molecules, or a disposable cartridge can be used 
which has probe molecules on its surface, that bind to the target molecules on 
the particle surface.23-27 In these cases, the equilibrium superparamagnetic re-
sponse of the immobilized magnetic nanoparticles is measured. A summary of 
magnetic biosensor types is given below. 

2.2.1 Giant magnetoresistance (GMR) biosensors 

GMR is the change in electrical resistance in response to an applied magnetic 
field. It has been known since the late 1980s that the application of an applied 
magnetic field to an Fe/Cr multilayer causes a significant reduction in the elec-
trical resistance of the multilayer.28, 29 Basic GMR structures usually consist of 
a pair of thin magnetic films separated by a non-magnetic conducting layer. 
The electrical resistance of the structure decreases when the magnetic moments 
of the magnetic layers are aligned by an applied magnetic field. This is due to 
the reduction of spin-dependent electron scattering within the structure. In the 
absence of a magnetic field, the magnetization of the ferromagnetic layers is 
antiparallel. The sensor is primarily sensitive to the field components in the 
plane of the sensor; any in-plane field decreases the resistance.24, 30  
   The sensor surface is composed of multiple layers of ferromagnetic materi-
als;20 the biomolecules are deposited on a biologically active area with a suit-
able surface, such as an Au or SiO2 layer.31 A review of the structure of magne-
toresistive sensors can be found in Wang et al. (2008).31 Magnetic particles of 
varying size, in the range of 0.1 to 3 µm, have been used in GMR sensing.24, 32, 

33 However, recently, magnetic nanoparticles have replaced the larger particles 
because the dimensions of the particles are more comparable to the target 
molecules to be assayed and therefore are expected to perform better in real 
biological assays.31 
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   There are two mechanisms by which magnetic particles bind to the sensor 
surface: by direct labeling and by indirect labeling (sandwich type binding).24 
In the first type, biomolecule targets are coupled to magnetic particles and the 
conjugated particles are passed over a magnetic field sensor whose surface has 
been conjugated with complementary probe molecules (Figure 2a). Alterna-
tively, indirect labeling uses the principle of sandwich detection, where bio-
molecule targets are hybridized with probes on the chip first, and are then la-
beled with magnetic nanoparticles (Figure 2b).  
   GMR sensors are very attractive for biosensor application because they offer 
high sensitivity, allowing detection of a single magnetic bead,34 and can be 
made of microscopic size. 

 
Figure 2. (a) Direct and (b) indirect labeling mechanisms. Adapted from Graham et al. 
(2004). 

2.2.2 Hall-effect biosensors 
Hall-effect devices have been used as magnetic field sensors in both the labora-
tory and industry for decades. These devices rely on the Hall effect,35 in which 
the charge carried in a current-carrying conductor is pushed to one side of the 
conductor by the transverse Lorentz force, created by an applied magnetic 
field. The charge buildup at the sides of the conductor generates a measureable 
electric field with a direction perpendicular to the direction of both the applied 
magnetic field and the current.36  
   The Hall-effect sensor is capable of detecting micro-37 and nanoparti-
cles/beads,38, 39 and of using them for detecting different biomolecules, such as 
DNA38, 40, 41 and proteins.42 Like the GMR sensors, these biosensors offer high 
sensitivity, allowing the detection of a single magnetic bead, and they are sim-
ple to fabricate.37, 39, 43 The most common mechanism by which magnetic parti-
cles bind to the sensor surface is by indirect labeling.38, 41 
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2.2.3 Giant magnetoimpedance (GMI) biosensors 
The GMI effect involves the change in impedance experienced by an AC cur-
rent flowing through a soft magnetic material when an external DC magnetic 
field is applied.44-46 
   In recent years, this effect has been introduced into the field of biosensing to 
detect thin ferrofluid layers,47 microbeads48, 49 and magnetic nanoparticles as 
magnetic labels for detecting molecular recognition events. It has also been 
used to detect Fe3O4 nanoparticles taken up by human cells50, 51 and to detect 
functional nanoparticle-probed gastric cells.52 
   GMI biosensors have the potential to detect biomolecules bound not only to 
magnetic labels, but also those bound in a label-free manner, via surface mor-
phology or anisotropy changes caused by their presence.53, 54 

2.2.4 Particle relaxation-based biosensors 
The relaxation of magnetic particles has been used as a basis for magnetic par-
ticle relaxation-based assays (a detailed description of the relaxation mecha-
nisms of magnetic particles is given in section 2.3). 
   The Brownian relaxation biosensor principle was described theoretically by 
Connolly and St Pierre (2001).55 This effect is a measure of the non-
equilibrium magnetic response of the nanoparticles in the carrier liquid to 
variations in the frequency of the AC magnetic field. The principle relies on 
the Brownian relaxation behavior of bioconjugated magnetic beads in liquid 
suspension. The hydrodynamic volume of the beads increases when the probes 
on the bead surface bind with the complementary target in the sample. This 
decreases the Brownian relaxation frequency of the bead, defined by the posi-
tion of the peak in the imaginary part of the complex susceptibility spectrum 
(Figure 3). The Brownian relaxation biosensor scheme has been demonstrated 
in the detection of prostate-specific antigen (PSA) proteins; binding of the 
antibody-equipped magnetite beads to PSA increased the hydrodynamic vol-
ume of the beads, and the frequency-dependent complex magnetic susceptibil-
ity spectra were recorded using an AC susceptometer56 and a high-Tc 
SQUID.57, 58 In both setups, the Brownian relaxation frequency decreased with 
increasing PSA concentrations. 
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Figure 3. Schematic illustration of the Brownian relaxation principle. Magnetic beads 
exhibiting Brownian relaxation behavior are modified with probe biomolecules (yellow 
y-shaped items) complementary to a target molecule (blue rectangular items). When 
the target binds to the probe molecule, the hydrodynamic volume of the bead increases. 
This results in a decrease in the Brownian relaxation frequency of the beads. Adapted 
from Imego Magazine (2005). Credit M. Eibpoosh, Imego AB, Gothenburg, Sweden. 

Another type of relaxation-based sensor is based on the Néel relaxation princi-
ple. In this, probe-tagged magnetic particles react with target molecules and the 
Néel relaxation of the immobilized beads is measured. When an appropriate 
time window is employed, only immobilized particles contribute to the meas-
ured relaxation signal via the Néel mechanism. 
   With Néel sensors, a pulse-form magnetic field orients the magnetic moment 
of the probe-tagged particles. After this, the magnetic moment of the non-
immobilized particles is randomized by Brownian motion while that of the 
immobilized particles is reoriented by Néel relaxation. A SQUID is used to 
detect the slower Néel relaxation of the immobilized nanoparticles. This assay 
has been used for detection of antigens and bacteria.59, 60 

2.3 Ferrofluids 
A stable, colloidal dispersion of magnetic beads that exhibits simultaneous 
liquid and magnetic properties may be defined as a ferrofluid.61 The magnetic 
moments of the beads either possess superparamagnetic properties or are ther-
mally blocked. The dynamic magnetic response of the suspended beads to a 
small alternating magnetic field with angular frequency  can be described by 
the complex magnetic susceptibility ( ). The complex low-field susceptibility 
for an ensemble of monodisperse, non-interacting magnetic beads in a carrier 
liquid is described by the Debye theory:62 
 

iH

m

ac 1

)(
)( 0    (1)
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where m( ) is the complex magnetization, Hac is the amplitude of the applied 
AC magnetic field,  is the high frequency susceptibility, 0 is the low field 
static susceptibility and  is the characteristic relaxation time.  
Equation (1) can be rearranged to give 
 

)()()( i     (2)
                       
with real and imaginary parts given by 
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respectively. The real part of the complex susceptibility decreases with increas-
ing frequency and the imaginary part has a maximum for  = 1. 
   The magnetic bead relaxation is governed by either of two relaxation mecha-
nisms: 1) Néel relaxation63, 64 (Figure 4a), where the magnetic moment rotates 
within the iron-oxide single-domain nanoparticles with a time constant of 
 

)exp(0 kT

KVp
N     (5) 

 
where K is the magnetic anisotropy constant, Vp is the volume of the magnetic 
nanoparticle, k is the Boltzmann constant and 0 is a characteristic relaxation 
time of the order of 10-9 to 10-11 s,65 and 2) Brownian relaxation64, 66 (Figure 
4b), which depends on the rotational diffusion of the beads in the carrier liquid, 
with a relaxation time given by 
 

kT

VB
B
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     (6) 

 
where VB is the hydrodynamic volume of the bead and  is the dynamic viscos-
ity of the solvent. 
While the effective relaxation is a combination of both relaxation mechanisms, 
the process is dominated by the shortest relaxation time. In this work, the B of 
the beads was around 1 ms and the N of the single domain particles in the 
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magnetic core was much longer than 1 s. Therefore, the effective relaxation 
time of the beads in this work is approximately equal to B, given by 
 

1)2( BB f      (7) 

 
where fB is the Brownian relaxation frequency.  
   Because there is often a range of hydrodynamic volumes in suspensions of 
magnetic beads, there will also be a range of relaxation times. The value of fB 
is then related to the mean hydrodynamic size of the magnetic species and the 
relaxation time distributions can be accounted for by the Cole-Cole model,67 
which gives the following empirical expression for the complex susceptibility: 
 

   (8) 
, 

 
where  (the Cole-Cole parameter), ranging from 0 to 1, is a measure of the 
relaxation time distribution width; the narrower the distribution, the closer  is 
to zero. 

 
Figure 4. Illustration of magnetic bead relaxation mechanisms: (a) Néel relaxation, 
caused by the reorientation of the magnetization vector inside the bead and (b) 
Brownian relaxation, caused by the rotational diffusion of the bead in the carrier liquid. 
Adapted from Erné et al. (2003). 

   Biomedical applications of magnetic nanobeads prefer that the beads are 
monodispersed in suspension, so that each bead has the same chemical and 
physical properties. It should also be possible to modify beads through surface 
chemistry reactions to allow them to selectively bind to the molecules of inter-
est and to prevent aggregation.68 Aggregation is a significant problem in appli-
cations containing magnetic nanobeads because of their large surface energy 
and strong magnetic interaction.69 The suspended beads are consequently often 
surrounded by a shell of an organic material to prevent aggregation; for bio-
logical systems, the shell should also be biocompatible.68, 70 Stabilization of 

1
0
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beads (ferrofluidic stabilization) can be achieved via steric and/or electrostatic 
repulsion (Figure 5). 

 
Figure 5. Schematic illustration of ferrofluidic stabilization via (a) electrostatic repul-
sion and (b) steric repulsion. Adapted from Xu and Sun (2007). 

Coating the bead surfaces with ionic molecules such as ionic surfactants in-
creases the electrostatic repulsion when two beads approach each other (Figure 
5a). However, coating the beads with large molecules such as polymers or 
surfactants containing long-chain hydrocarbons (steric repulsion) results in a 
more stable product.68 
   Different techniques, including adsorption, affinity and covalent binding, are 
used to bind the biomolecules onto the bead surfaces. Because of high back-
ground noise from non-specific adsorption resulting from non-covalent binding 
techniques, covalent conjugations are more commonly used. Heterobifunc-
tional cross-linking agents, such as 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC),71, 72 SMCC,73, 74 and N -succinimidyl 3-(2-
pyridyldithio)-propionate (SPDP),75 are often used in covalent conjugations. 
These agents contain two reactive ends and are often used in two-step sequen-
tial reactions.76-78 
   In this work, five different solutions of deionised water-based ferrofluids 
were used. The beads were composed of a cluster core consisting of single-
domain maghemite ( -Fe2O3) nanoparticles (Micromod Partikeltechnologie 
Gmbh, Germany), each with a diameter around 15 nm, held together by a bio-
compatible casing (the properties of the magnetic bead solutions are presented 
in Table 1). SPDP and sulfo-SMCC chemical coupling techniques were used to 
couple oligonucleotides to the aminated bead surfaces. Papers I-IV deal with 
oligonucleotide functionalization of magnetic beads using SPDP coupling 
chemistry; some general issues about this are mentioned below.  
   The SPDP molecule is a heterobifunctional cross-linker, which can be used 
to cross-link an entity containing an amine group and an entity containing an 
aliphatic thiol group through a disulphide bridge. SPDP coupling chemistry is a 
reversible covalent binding method, since the disulphide bond can be reduced 
with dithiothreitol (DTT), thereby cleaving the bridge. Figure 6 schematically 
illustrates how thiolated single-stranded (ss) oligonucleotides can be conju-
gated to magnetic beads with amine groups on their surfaces. In the first step, 
primary amine groups on the bead surface are activated by reaction with the N-
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hydroxysuccinimide ester group of the SPDP molecule. In the second step, 
oligonucleotide molecules attach to the bead by a reaction between the oli-
gonucleotide thiol group and the 2-pyridyl disulphide group of the SPDP 
molecule. 

 
Figure 6. Attachment of thiolated oligonucleotides onto magnetic nanobeads with 
amine groups on the bead surface. The oligonucleotides are covalently attached to the 
beads via SPDP coupling chemistry. Adapted from Strömberg et al. (2008). 

   Papers V-VII deal with oligonucleotide functionalization of magnetic beads 
using sulfo-SMCC coupling chemistry, which will be described in more detail 
in Section 5.3. 

Table 1. Properties of the ferrofluidic stock solutions used in this work. 

Nominal 
bead size 

(nm) 
Surface 

No. of amine 
groups per 

bead 

Solid  
content 
(mg/ml) 

Bead  
concentration 

(beads/ml) 

Papers 
using the 

ferrofluids 

40 dextran with NH2 2.500 8 7.7×1013 I, III 

50 
crosslinked hy-

droxyethyl  
starch with NH2 

1.000 8 3.8×1013 VI, VII 

80 dextran with NH2 12.000 5 6.2×1012 II, III 
130 dextran with NH2 60.000 10 2.9×1012 I-VI 
250 dextran with NH2 614.000 10 4.9×1011 I-III, VI 
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3. Enzymatic amplification strategies 

Detection of biomolecules usually relies on a highly specific hybridization 
reaction between a probe molecule and the target it matches, thereby creating a 
probe-target complex. This reaction event could for example happen between 
ssDNA molecules, antibodies and antigens, or ligands and receptors. Highly 
sensitive detection methods are needed for disease diagnosis markers, which 
can be present at very low concentrations during the early stages of a disease. 
To achieve high sensitivity in single-molecule detection, it is necessary to am-
plify the probe-target complex. One of the most commonly used approaches 
for this is enzymatic amplification, e.g. the polymerase chain reaction (PCR).79-

84 PCR techniques amplify a specific target DNA sequence to a large number 
of identical copies. The method relies on thermal cycling of the reaction for the 
enzymatic replication of the target DNA. As the PCR progresses, the newly 
synthesized DNA is also used as a template for replication, and the template is 
thus exponentially amplified (Figure 7). Although PCR is a rapid, sensitive 
method, it demands a lot from the user and is sensitive to contamination.85 
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Figure 7. Schematic illustration of PCR amplification of a DNA target. One PCR cycle 
involves three steps: denaturation, annealing and elongation.  



 28 

Another alternative for DNA target amplification involves making the probes 
circular to ease recognition of the target DNA, followed by enzymatic amplifi-
cation of the probe-target complex by the rolling circle amplification (RCA) 
mechanism. Padlock probes are synthetic linear oligonucleotides with target 
complementary regions at their 5’ and 3’ ends.86-89 When hybridized with the 
matching DNA target, the ends are brought into juxtaposition, and the resultant 
circular padlock probes are closed by ligation.90 The ligation reaction is very 
sensitive to mismatches at the 3’ end of the padlock probe molecule which, for 
instance, allows the probe to identify single nucleotide polymorphisms.  
   The circular probes are then amplified by RCA,91-95 resulting in a long single-
stranded concatemer DNA molecule containing the complementary sequence 
of the circular DNA. This is copied approximately 300-1000 times, depending 
on the RCA time (Figure 8). In solution, the long strand spontaneously col-
lapses into a micron-sized object. In contrast to the PCR product, the RCA 
product (also called a DNA coil) is confined in one continuous DNA mole-
cule.96  

 
Figure 8. Illustration of padlock probe target recognition and RCA. The target DNA 
molecules are indicated in blue and the padlock probes in grey. After the padlock probe 
and the target DNA have been joined together by hybridization, the complex is ampli-
fied by the RCA mechanism. 

RCA products have been detected optically, e.g. by addition of fluorescence-
labeled oligonucleotides complementary to a part of the periodic base sequence 
in the RCA products. This results in the formation of big clusters of fluoropho-
res in solution, which can be detected using fluorescence read-out equipment.12 
   A technique entitled circle-to-circle amplification (C2CA) can be used to 
increase the concentration of the RCA product without increasing the target 
molecule concentration.97  

 
Figure 9. Illustration of one cycle of C2CA. An RCA product is created after a DNA 
circle is amplified. After monomerization of the RCA product, the monomers are 
formed into circles by DNA ligase. Newly formed circular products work as templates 
for the second RCA. 
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Circular DNA is first amplified by RCA, and the concatemer product is then 
cleaved into monomers through restrictive digestion of the RCA product. The 
monomers are subsequently circularized and ligated, and a second amplifica-
tion step can take place (Figure 9). A 100-nucleotide-long DNA circle gener-
ates approximately 1000 repetitions in a DNA coil after an hour. From this 
DNA coil, 1000 DNA coils are produced after one cycle of C2CA.97 The 
C2CA procedure can be performed multiple times until the required number of 
DNA coils has been formed. 
   The RCA mechanism can also be used to detect individual or interacting 
proteins via the PLA,98-100 which is based on target recognition by two or more 
binders. Pairs of probes, consisting of antibodies to which an oligonucleotide 
has been conjugated, in close proximity to each other are used to target the 
protein of interest. Upon coincident recognition and binding to the target pro-
tein, the two DNA tails can be joined using DNA ligase and connector oli-
gonucleotides, or can serve as ligation templates and mediate connector oli-
gonucleotide circularization by DNA ligation. This DNA molecule can then 
serve as a template for RCA (Figure 10).101 

 
Figure 10. Schematic illustration of the PLA. When a pair of probes equipped with 
DNA strands in close proximity to each other bind to the target protein, the ends of the 
two DNA tails, after adding connector oligonucleotides, can be ligated. This generates 
a DNA circle that can subsequently be amplified. 

   The VAM-NDA bioassay principle, which is investigated in this thesis, relies 
on magnetic detection of RCA products, where short oligonucleotide-tagged 
magnetic nanobeads are hybridized to the repeating sequence of the DNA 
coils. The hybridization event induces a large increase in the hydrodynamic 
volume of the beads and strongly changes the dynamic magnetic properties of 
the beads.65 
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4. Analysis techniques 

4.1 SQUID magnetometry 
A SQUID is a highly sensitive detector, based on superconducting loops con-
taining Josephson junctions, that is used to measure very small magnetic 
fields.102 The Josephson effect occurs when current flows across two weakly 
linked superconductors separated by a very thin insulating barrier.103 The cur-
rent that flows across this barrier is called the Josephson current. Another char-
acteristic property of superconductors is that the magnetic flux through a su-
perconducting ring is quantized in units of the flux quantum  

0=h/2e=2.07×10-15 Wb,104 where h is Plancks’s constant and e is the electron 
charge. A SQUID consists of a superconducting loop interrupted by one [a 
radio-frequency (RF) SQUID] or two (a DC SQUID) insulating barriers. A 
complete SQUID detection system also requires detection coils and read-out 
electronics.104 The sensitivity of the SQUID can be as good as 10-15 T, which is 
about a hundred billionth of the earth's magnetic field.105 
   In this work (Papers I-IV and Paper VI), a SQUID (MPMS-XL, Quantum 
Design, USA)106 was used to measure the frequency-dependent complex mag-
netization of 40, 50, 80, 130 and 250 nm magnetic beads. Complex magnetiza-
tion measurements were carried out on unconjugated beads and oligonucleo-
tide-conjugated beads immobilized in various concentrations of DNA coils. 
Each dynamic magnetic measurement was followed by a high field measure-
ment ( 0H=2T, where 0 is the permeability of free space) of the sample mag-
netic moment in order to calculate the solid content of each sample and to ex-
press the sample magnetization M in units of emu per gram of solid content 
(the diamagnetic contribution from the sample holder was subtracted). 

4.2 AC susceptometry 
The operating principle of an AC susceptometer is based on Faraday's law of 
induction. The detection coils in an AC susceptometer form a first order gradi-
ometer and are centered in an excitation coil system which is connected to a 
sinusoidal AC source (Figure 11). The AC source delivers the time-dependent 
current to the excitation coil, creating a magnetic excitation field. The detec-
tion coil system in the instrument detects the rate of change in the magnetic 
flux caused by the sample. When a sample is placed in a detection coil, the 
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inductance of the detection coil changes and the induced voltage differs from 
that of the empty coil.107, 108 The voltage signal from the detection coil system 
is fed into a low noise, lock-in amplifier, which is used to extract the amplitude 
of the voltage signal at the frequency of the AC source. 

AC source

Lock-in
amplifier

Sample

Excitation coil

Detection
coil

AC source

Lock-in
amplifier

Sample

Excitation coil

Detection
coil

 
Figure 11. Schematic illustration of the DynoMag® system. 

   An AC susceptometer (DynoMag®, Imego AB, Sweden)107 was used in this 
work (Papers V-VII) to measure the dynamic magnetic properties of magnetic 
nanobeads with nominal sizes of 50, 130 and 250 nm. Complex magnetization 
measurements were carried out on samples containing unconjugated beads and 
samples containing conjugated beads and DNA coils; the susceptibility was 
measured in SI units as volume susceptibility. The magnetic material in each 
sample was obtained from the constant value of the in-phase component of the 
volume susceptibility ( ´ ) recorded at frequencies well above the Brownian 
relaxation frequency. This value, for samples taken from the same batch of 
magnetic nanobeads and in the absence of magnetic relaxation processes other 
than the Brownian relaxation process, is independent of the individual bead 
volume and is only proportional to the total content of iron-oxide nanoparticles 
in a sample. 

4.3 Dynamic light scattering (DLS) 
DLS is used to determine the hydrodynamic size distribution of an assembly of 
particles in solution.109 It measures the speed at which a particle is diffusing as 
a result of Brownian motion. Brownian motion is the random movement of 
particles caused by random collisions with the molecules of the liquid that 
surrounds them. Small particles move quickly and larger particles move more 
slowly. The relationship between the size of a particle and its speed as a result 
of Brownian motion is defined in the Stokes-Einstein equation: 
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kT
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3
    (9) 

 
where D is the diffusion constant, dH is the hydrodynamic diameter of the par-
ticles and  is the viscosity of the solvent. 
   DLS measures Brownian motion by illuminating the particles with a laser 
light and analyzing the intensity fluctuations in the scattered light. The rate of 
fluctuation of the light intensity over time is measured and used to calculate the 
size of the particles, since the intensity fluctuations depend on the size of the 
particles. Small particles cause the intensity to fluctuate more rapidly than lar-
ger ones. In the DLS, there is a device called a digital autocorrelator that is 
basically a signal comparator. It is designed to measure the degree of similarity 
of the fluctuating signals at different time intervals. Over a period of time, the 
correlation between signal intensities will be reduced. For a large number of 
monodispersed particles, the correlation function is an exponentially decaying 
function of the time delay. After the correlation function has been measured, 
this information can then be used to calculate the particle size distribution. The 
Zetasizer software uses algorithms to extract the decay rates for a number of 
size classes to produce a size distribution. The Z-average, the intensity-
weighted mean hydrodynamic diameter of the ensemble of particles measured 
by DLS, is derived from analysis of the measured correlation curve. Analysis 
of the curve also provides information about the polydispersity of a sample as a 
width parameter, referred to as the polydispersity index (PDI). A very low PDI 
value (close to zero) indicates that the sample is monodispersed. 
In this work (Paper III), DLS was used to investigate how oligonucleotide-
tagged magnetic beads with nominal sizes of 40, 80, 130 and 250 nm are im-
mobilized in the DNA coils. The hydrodynamic volume of the beads and bead-
DNA coil complex was measured using a Malvern® Zetasizer Nano ZS (Mal-
vern Instruments Nordic AB, Sweden),110 equipped with a 633 nm He-Ne laser 
and operating at an angle of 173° at 25 oC.  

4.4 Fluorescence spectroscopy 
Fluorescence spectroscopy is a method of analysis where the molecules of the 
analyte are excited by irradiation at a certain wavelength to emit radiation of a 
different wavelength. The molecule relaxes from the singlet excited state to the 
singlet ground state with emission of light (Figure 12). This technique can be 
used for the analysis of biological molecules that have been labeled with a 
fluorophore.12, 65 
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Figure 12. Jablonski energy diagram of fluorescence.   

In this work (Papers I-VII), fluorescence spectroscopy was used to analyze the 
surface coverage of FAM-fluorophore-labeled oligonucleotides attached to the 
surface of magnetic nanobeads. The surface coverage was estimated by com-
paring the fluorescence of the oligonucleotide-coupled magnetic nanobeads to 
a dilution series of free oligonucleotides and non-conjugated beads. Emission 
scans (505 to 560 nm) were performed using a fluorometer (Infinite® 200, 
Tecan, Sweden).111  
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5. The VAM-NDA: Results and discussion 

5.1 Introduction 
The VAM-NDA is a new non-fluorescent (non-digital) approach to biomolecu-
lar analysis that combines padlock probe target recognition and RCA with the 
Brownian relaxation assay.65 It is a sensitive, specific magnetic bioassay offer-
ing a potential platform for future development of low-cost diagnostic point-of-
care devices. Although only DNA and protein targets were investigated in this 
thesis, other kinds of biomolecules (e.g. RNA targets) can be detected in a 
similar manner. 
   Figure 13 schematically illustrates the VAM-NDA principle. The assay be-
gins with the highly specific padlock probe target recognition technique.86 The 
padlock probes (grey lines) become circularized through enzymatic ligation 
upon recognition of specific DNA sequences (blue lines). The circular probe-
target complex is then copied using RCA, generating long concatemers con-
sisting of tandem repeated sequences complementary to the circularized DNA 
molecule.93 Each DNA molecule spontaneously collapses into a micrometer-
sized, randomly coiled product which is then detected using oligonucleotide-
tagged magnetic nanobeads via base-pair hybridization (bead immobilization). 
The oligonucleotide-tagged beads only bind to the DNA coils if the oligonu-
cleotide is complementary to a specific sequence of the DNA coil; this makes 
the bead-coil interaction highly specific. The binding of beads causes a dra-
matic increase in their hydrodynamic size, which now corresponds essentially 
to the size of the DNA coil, which for an RCA time of one hour is about one 
micrometer.65 The hydrodynamic volume of non-immobilized beads is unal-
tered. In the absence of target DNA in solution, no circularized probe-target 
molecules are formed and, hence, no RCA products are formed (Figure 13).  
   The lower right part of Figure 13 shows the magnetization spectra for a posi-
tive sample and a negative control sample (NC). The NC resulted in one re-
laxation frequency (green curve) whose peak magnitude provides a measure of 
the numbers of free probe-tagged beads. The positive sample had essentially 
two relaxation frequencies (blue curve), where the low-frequency peak (LFP) 
primarily corresponds to DNA coils with immobilized beads and the high-
frequency peak (HFP) corresponds to probe-tagged beads that remain free in 
the solution. The concentration of the DNA coils can then be measured as the 
decrease in the amplitude of the Brownian relaxation peak of free beads.65, 112 
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   In Paper I, the effects of varying the experimental parameters oligonucleotide 
surface coverage, bead concentration, and RCA time were investigated in order 
to understand how these parameters affect the performance of the assay.  The 
results are presented below. 

 
Figure 13. Schematic illustration of the VAM-NDA. Single-stranded target DNA 
molecules are indicated in blue. Single-stranded padlock probes (grey) are circularized 
by enzymatic ligation upon recognition of specific target DNA sequences (blue). The 
circularized padlock probes are then amplified by RCA, creating randomly coiled 
DNA macromolecules. Single-stranded oligonucleotide-tagged magnetic beads 
(brown) are added to detect the presence of RCA products, and these are incorporated 
by base-pair hybridization into the RCA coils. The incorporation of the beads results in 
a spectrum of complex magnetization (positive sample, blue magnetization curve) that 
is substantially different from the response of a sample containing free beads only, i.e. 
absence of RCA products (negative sample, green magnetization curve). The two re-
laxation events in the blue curve were resolved (bold black curves) using a Cole-Cole 
fitting procedure and the peak frequency values are indicated. Adapted from Strömberg 
et al. (2008). 

5.1.1 Effects of varying the oligonucleotide surface coverage  
The effects of varying the oligonucleotide surface coverage on 40 nm beads are 
presented in Figure 14. When panels (a) and (b) are compared, it can be seen 
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that increasing the oligonucleotide surface coverage on the bead surface im-
proved the immobilization efficiency. This can be explained by the higher sur-
face coverage of oligonucleotides increasing the possibility of hybridization 
between the bead and a DNA coil. It was also possible to discriminate the NC 
samples from the positive samples by measuring either m´´ HFP or m´´ LFP 
levels, i.e. turn-off and turn-on detection, respectively. The turn-off detection 
method relates to the decrease in the amplitude of the HFP with increasing 
DNA coil concentrations, due to immobilization of free beads in the DNA 
coils. The turn-on detection method refers to an increase in the amplitude of 
the LFP when the number of beads immobilized in coils increases. 

 
Figure 14. Imaginary part of the complex magnetization versus frequency curves for a 
40 nm bead batch with (a) low and (b) high oligonucleotide surface coverage. A higher 
oligonucleotide surface coverage on the beads improved the immobilization efficiency. 
Adapted from Paper I. 

5.1.2 Effects of varying the bead concentration 
Figure 15 shows magnetization spectra (0.5 Hz to 20 Hz) for two 40 nm bead 
batches containing different bead concentrations. Clear, narrow LFPs appeared 
for each DNA coil concentration; using lower concentrations of beads had a 
remarkably positive effect on the m´´ LFP levels (turn-on detection). There was 
an excellent correlation between the m´´ LFP levels and the DNA coil concen-
trations, which was not seen with 130 nm beads in Strömberg et al. (2008),65 
where only turn-off detection was possible. Lowering the bead concentrations 
resulted in higher m´´ LFP levels but also in wider spacing between the curves. 
In other words, the sensitivity was improved (from 33 to 11 pM). Since the 40 
nm beads have a low magnetic moment, it was not possible to dilute the bead 
concentration by more than a factor of 2 from the original batch concentration 
(8 mg/ml) without obtaining a poor signal-to-noise ratio. 
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Figure 15. The low frequency regions (0.5-50 Hz) of the imaginary part of the complex 
magnetization versus frequency curves for 40 nm beads of varying concentration. The 
bead concentrations were diluted by a factor of (a) 1.5 and (b) 2 from the original batch 
concentration (8 mg/ml). A lower bead concentration increased the sensitivity of the 
assay. Adapted from Paper I. 

   Figure 16 shows the magnetization spectra for two 250 nm bead batches 
containing different bead concentrations. The m´´ HFP levels for the lower 
bead concentration were lower for all DNA coil concentrations and the sensi-
tivity was improved from 11 to 3.7 pM. One can also see that the m´´ profile 
for the 300 pM sample in panels (a) and (b) is rather featureless and small in 
magnitude, indicating that almost all the beads are immobilized in the coils. 
This implies that 250 nm beads were immobilized in such a way that the resul-
tant coil aggregates had relaxation frequencies below the low frequency limit 
of the AC magnetization measurements (0.5 Hz). This hypothesis will be fur-
ther discussed in Section 5.2. 

 
Figure 16. Imaginary part of the complex magnetization versus frequency curves for 
250 nm beads at (a) high and (b) low bead concentrations. A lower bead concentration 
increased the sensitivity of the assay. Adapted from paper I. 
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From Figures 15 and 16, it follows that using a lower quantity of beads with 
respect to the number of DNA coils will result in higher LFPs and lower HFPs, 
i.e. the system will be tuned towards higher sensitivity. 

5.1.3 Effects of varying the RCA time 
The effects of varying the RCA time using 40 nm beads are shown in Figure 
17. The m´´ HFP level decreased and the m´´ LFP level increased with increas-
ing RCA time. This was expected, since longer RCA times will result in larger 
coils with more hybridization sites. Further, the LFP was shifted to lower fre-
quencies with increasing RCA times, which was also expected since longer 
RCA times will result in coils of larger hydrodynamic size. However, increas-
ing the RCA time from one to two hours did not substantially increase the de-
gree of immobilization, i.e. the sensitivity. 

 
Figure 17. Imaginary part of the complex magnetization versus frequency curves for 
samples containing 40 nm beads and using RCA times ranging from 7.5 to 120 min. 
Adapted from Paper I. 

5.2 Immobilization characteristics for beads of different 
size 
The aim of Paper III was to investigate the bead immobilization characteristics 
for the VAM-NDA, since it was observed in Paper I that beads of different size 
were differently immobilized in the DNA coils. Three different methods were 
used: complex magnetization measurements, DLS, and fluorescence micros-
copy. The effects of the size and oligonucleotide surface coverage of the beads 
on their immobilization are discussed below. 
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5.2.1 Effect of bead size 
As pointed out in Sections 5.1.1 and 5.1.2, 40 nm beads exhibited clear narrow 
LFPs for each DNA coil concentration at 1 Hz, and both turn-on and turn-off 
detection were possible (Figures 14 and 15). When using 250 nm beads, no 
LFPs were visible and only turn-off detection was possible (Figure 16). These 
results suggest that 40 nm beads diffuse into and hybridize in the interior sites 
of the coils more easily because of their small size, thereby forming isolated 
DNA coils containing immobilized beads, with a relaxation frequency of a few 
Hz. The 250 nm beads were usually immobilized as clusters of beads and DNA 
coils, since they had fB values much less than 1 Hz. For 130 nm beads, the 
LFPs are broad and there is no correlation between LFP levels and DNA coil 
concentrations; only turn-off detection is possible.65 This suggests that while 
the 130 nm beads can partly hybridize into the DNA coils, they probably also 
hybridize to the exterior sites, thus linking several DNA coils together to form 
clusters with a broad size distribution. These assumptions regarding immobili-
zation behavior are supported by the DLS and fluorescence microscopy results 
presented below. 
   Figure 18 shows the DLS spectra for different bead sizes, along with a 130 
nm sample which had only 2 oligonucleotides per bead, and different DNA 
coil concentrations. For both the 40 and 80 nm samples there were two clear 
peaks for each DNA coil concentration: one small-sized peak (SSP) and one 
large-sized peak (LSP). The SSP shows the response for non-immobilized 
beads while the LSP most likely originates from isolated DNA coils with im-
mobilized beads and/or smaller clusters of coils. For the 130 nm beads with the 
highest surface coverage and the 250 nm beads, only SSPs are visible for each 
DNA coil concentration. This indicates that these beads hybridize to a large 
extent to the exterior of the coils and link several coils together to form clusters 
of beads and coils that do not fit the size parameters for the DLS instrument. 

 
Figure 18. Hydrodynamic size distributions obtained from DLS characterizations of 
samples containing probe-tagged beads and different DNA coil concentrations. Lines 
are guides for the eye. Adapted from Paper III. 

   Figure 19 shows representative fluorescence microscopy images of samples 
with DNA coils and beads (corresponding to 40 nm and two 130 nm bead 
batches with different oligonucleotide surface coverage). When 40 nm beads 
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were immobilized, they resulted in individual DNA coils, while when 130 nm 
beads were immobilized they resulted in clusters of beads and DNA coils. 

 
Figure 19. Fluorescence microscopy images of co-localization of DNA coils and oli-
gonucleotide-tagged beads [fluorescein isothiocyanate (FITC)-labeled]. The DNA coils 
were labeled with beads as well as an external detection probe [cyanine (Cy3)-labeled], 
and the solution was then deposited on a glass slide and examined under a fluorescence 
microscope. Labeling with 40 nm beads (8 oligonucleotides per bead) resulted in DNA 
coils occurring as individual objects. Labeling with 130 nm beads (10 oligonucleotides 
per bead) resulted in clustered DNA coils. Labeling with 130 nm beads with a higher 
surface coverage (16 oligonucleotides per bead) resulted in DNA coils occurring as 
integrated clusters. Adapted from Paper III. 

5.2.2 Effect of oligonucleotide surface coverage 
When the 130 nm bead batches with high (14 oligonucleotides per bead) and 
low (2 oligonucleotides per bead) surface coverage of oligonucleotides were 
compared, it was apparent that the oligonucleotide surface coverage also af-
fected the immobilization characteristics of the beads (panels c and d in Figure 
18). When the beads are too large to easily diffuse to the interior of a coil be-
fore hybridization, high oligonucleotide surface coverage favors the formation 
of clusters of beads and DNA coils, while low surface coverage favors the 
formation of individual DNA coils with beads. Moreover, the fluorescence 
microscopy results (Figure 19) showed that 130 nm beads with 10 oligonucleo-
tides were immobilized to give clusters of beads and DNA coils while the same 
sized beads with 16 oligonucleotides resulted in slightly larger coil clusters. 
   Figure 20 provides a schematic illustration of the bead-in-a-coil structure for 
different bead sizes and different oligonucleotide surface coverage. It shows 
that isolated DNA coils containing either small beads, irrespective of oligonu-
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cleotide surface coverage (iii and iv), or large beads with low oligonucleotide 
surface coverage (i) can exist. For large beads with high oligonucleotide sur-
face coverage (ii), on the other hand, the beads link several coils together to 
form clusters. 

 
Figure 20. Illustration of the immobilization characteristics of oligonucleotide-
functionalized magnetic beads. Larger beads with low oligonucleotide surface cover-
age (i) form isolated DNA coil-containing beads. Larger beads with high oligonucleo-
tide surface coverage (ii) link several coils together. Smaller beads with low (iii) and 
high (iv) oligonucleotide surface coverage form isolated DNA coils containing beads. 
Adapted from Paper III. 

5.3 Sulfo-SMCC chemistry 
In Paper V, the sulfo-SMCC coupling chemistry for the attachment of oligonu-
cleotides onto dextran-coated, amine-functionalized, 130 nm beads was evalu-
ated. The steps involved in this process are illustrated in Figure 21. The sulfo-
SMCC molecule contains an amine-reactive N-hydroxysuccinimide (NHS) 
ester and a sulfhydryl-reactive maleimide group. In the first step, the NHS 
esters react with the primary amines at pH 7.5 to form stable amide bonds and, 
in the second step; the maleimide groups react with sulfhydryl groups on the 
oligonucleotides to form stable thioether bonds. 
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Figure 21. Attachment of thiolated oligonucleotides onto magnetic nanobeads contain-
ing surface amine groups. The oligonucleotides were covalently attached to the beads 
via sulfo-SMCC coupling chemistry. Adapted from Paper V. 

To investigate the influence of the availability of oligonucleotides on the extent 
of their conjugation to the beads, four different concentrations of oligonucleo-
tides (25, 50, 100 and 200 µM) were added to the magnetic beads. Figure 22 
shows that increased oligonucleotide concentrations resulted in an increase in 
the total oligonucleotide surface coverage. This increase was greatest at the 
lowest concentrations and leveled off at the highest concentrations.  The level-
ing off is explained by the increase in repulsive forces between neighboring 
oligonucleotides on the bead with increasing oligonucleotide surface coverage. 

 
Figure 22. Average number of oligonucleotides per bead versus oligonucleotide con-
centration added. Adapted from Paper V. 

To evaluate the robustness of the coupling chemistry technique, four different 
130 nm bead batches were produced under identical conditions. The average 
surface coverage for the four batches was 93 ± 10 oligonucleotides per bead 
(see Table 2). This high surface coverage and relatively small variation be-
tween the batches indicates that the sulfo-SMCC coupling chemistry protocol 
provides a robust method of covalently attaching oligonucleotides onto this 
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type of bead. We had previously found that the commonly used chemical proc-
ess for surface attachment of oligonucleotides to amine groups - SPDP cou-
pling chemistry - was less robust for attaching oligonucleotides to beads; the 
average oligonucleotide surface coverage was about an order of magnitude 
smaller, with larger variations between different bead batches for comparable 
beads (Papers I and III). 

Table 2. Oligonucleotide surface coverage for four 130 nm bead batches produced 
under identical conditions. 

Sample 
Average number of  

oligonucleotides per bead 

1 108 
2 90 
3 89 
4 85 

 
The stability of the covalent attachment was evaluated on one sample consist-
ing of oligonucleotide-tagged beads with fluorescence-labeled probes. The 
bead batch was analyzed after storage in phosphate-buffered saline buffer (pH 
7.5) at 4 °C for several weeks. The fluorescence analysis was performed im-
mediately after conjugation and subsequently once each week for eight weeks. 
The results (Table 3) indicated that around 50 % of the oligonucleotides had 
detached from the surface after eight weeks. 

Table 3. Oligonucleotide surface coverage for a 130 nm bead batch. The fluorescence 
analysis was performed directly after conjugation and subsequently once a week for 
eight weeks. 

Week 
Average number of 

oligonucleotides per bead 
Loss (%) 

directly after conjugation 108 - 
1 90 17 
2 90 17 
3 70 35 
6 59 45 
7 56 48 
8 51 53 

 
The hybridization efficiency of the oligonucleotides that had been attached by 
sulfo-SMCC chemistry to complementary RCA DNA molecules was also in-
vestigated. The results are presented in Figure 23 where ´´max = ´´0pM sample -
´´50pM sample is plotted versus incubation temperature ( ´´0pM sample corresponds 

to an NC sample and ´´50pM sample corresponds to a sample that contains 50 pM 
DNA coils). Hybridization occurred irrespective of hybridization times for the 
three lowest temperatures, since ´´max was larger than zero for all the meas-
urements. The most favorable temperature for hybridization between the oli-
gonucleotide-functionalized beads and the DNA coils occurred at 70 °C. At 
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this temperature, the highest hybridization efficiency was achieved within 10 
min. Increasing the temperature thus had a pronounced positive effect on the 
hybridization kinetics, probably as a result of increased bead and coil diffusion 
rates. The poor to non-existing hybridization observed at 85 °C can be ex-
plained by the fact that the hybridisation bridges between the oligonucleotide-
tagged beads and the DNA coils are likely to have melted at such high tem-
peratures. The base-stacking melting temperatures under similar detection con-
ditions were determined in Paper I to be ~ 63 °C. Since the highest hybridiza-
tion efficiency occurred at 70 °C, the melting temperature of the bead–DNA–
product hybrids must be higher than this temperature due to cooperative bind-
ing effects caused by each bead carrying several oligonucleotides. 

 
Figure 23. Oligonucleotide-functionalized beads were hybridized with 50 pM comple-
mentary RCA DNA molecules at different incubation temperatures and times. The 
magnetic responses for 0 pM and 50 pM samples were measured and the difference 
between the obtained ´´max  values is presented as the hybridization efficiency, ´´max.  
The error bars show the variation over two measurements. Adapted from paper V. 

5.4 SQUID versus DynoMag® 

The VAM-NDA was investigated in Papers I-IV, using a SQUID for measur-
ing the magnetic response of the beads. The SQUID is an extremely sensitive 
sensor, but is expensive and bulky and requires liquid helium to cool the sens-
ing element. Furthermore, the analysis time is long (approximately 2 h), which 
is not optimal for point-of-care testing.  
   The aim of Paper VI was to evaluate the possibility of implementing the 
VAM-NDA assay on a simpler, easy-to-handle, highly sensitive AC suscep-
tometer platform with a shorter analysis time, thus allowing broader use of the 
assay. The commercial AC susceptometer (DynoMag®) that was used is a port-
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able sensor that operates without cryogenic cooling and with an analysis time 
of about 20 min. The performance of the assay using the AC susceptometer 
was compared with that achieved using the SQUID. 
   Figure 24 displays the amplitude of the Brownian relaxation peak versus 
DNA-coil concentration for three sizes of oligonucleotide-tagged beads (50, 
130 and 250 nm) as detected in the DynoMag® instrument (left panels) and in 
the SQUID (right panels). The peak values obtained in the DynoMag® instru-
ment have been normalized with respect to the high frequency ´  value meas-
ured for each sample, whereas the values from the SQUID measurements are 
given as a magnetic moment per weight of solid content.  
   For each bead size, the shapes of the ´´max versus DNA coil concentration 
curves were almost identical for the SQUID and the DynoMag® instrument. 
DNA coil concentrations above 4 pM were detected quantitatively [the 4 pM 
concentrations were statistically significantly different from their respective 
blanks; ´´max (0pM) - 3SD > ´´max (4pM) + 1SD]. This shows that the 
DynoMag® instrument performs as well as the SQUID when the VAM-NDA is 
employed using different bead sizes. For the two smallest bead sizes, magnetic 
measurements were performed for some DNA coil concentrations between 
zero and 4 pM to see if it was possible to distinguish a low pM concentration 
from an NC sample. At DNA coil concentrations below 4 pM, the imaginary 
part of the complex magnetization was almost constant in both sensors, indicat-
ing that DNA coil concentrations below 4 pM cannot be distinguished from the 
0 pM sample.  
   These results show that the VAM-NDA has potential for future wide-spread 
implementation in commercial AC susceptometers, thus opening up the possi-
bility of performing bead-based biomolecular detection in point-of-care and 
outpatient settings. 
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Figure 24. Left panels: ´´max versus DNA coil concentration for three oligonucleotide-
tagged bead sizes, analyzed in the DynoMag® instrument. To account for differences in 
iron-oxide content between the samples, the ´´max  data have been normalized using 
the constant high frequency ´ level. The error bars show one standard deviation based 
on triplicate measurements. Right panels: m´´max vs DNA coil concentration for three 
oligonucleotide-tagged bead sizes, analyzed in the SQUID. The m´´max data have been 
normalized with respect to the weight of solid content in each sample. Adapted from 
Paper VI. 
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5.5 Detection of biomolecules using the VAM-NDA 

5.5.1 Detection of DNA (bacterial detection) 
Paper IV describes a new solid-phase-based molecular probing and amplifica-
tion protocol for detection of bacterial genomic DNA. The molecular and de-
tection procedures were verified on samples containing purified genomic DNA 
from Escherichia coli cells. The sample was subjected to the molecular detec-
tion and amplification protocol outlined in Figure 25, I – V. 

 
Figure 25. Overview of the molecular reactions, magnetic labeling, and readout used in 
the assay. The detailed molecular procedure (I – VIb) and magnetic read-out (VII) are 
described in the text. Adapted from Paper IV. 

 

The protocol begins by mixing the padlock and capture probes, which hybrid-
ize the target DNA. Thereafter, a ligase enables correctly matched padlock 
probes to be circularized (I). The biotinylated capture probes are then coupled 
to streptavidin-coated Dynabead particles and non-bound excess padlock 
probes are washed away (II). The DNA circles are amplified with RCA (III) 
and the concatemer DNA coils are then digested to monomers. Replication 
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oligonucleotides are hybridized to the ssDNA coils (IVa), and a restriction 
endonuclease enzyme cuts the coils at a defined sequence motif (IVb). The 
monomers are ligated (Va) and amplified by RCA to generate a new set of 
DNA coils (Vb) by repeating the cycle (IV – V) without capture probes and 
Dynabead particles. This way, the number of DNA coils is amplified. Two cy-
cles of C2CA were carried out in this study. The presence of the DNA coils is 
detected through hybridization of oligonucleotide-tagged magnetic nanobeads 
to the DNA coils 
   As a proof-of-concept in a real clinical application, the VAM-NDA approach 
was used to detect E. coli genomic DNA. A semi-quantitative response was 
achieved, with a limit of detection (LOD) of approximately 50 bacteria (Figure 
26). The total time involved for the molecular probing and amplification pro-
cedures was about 80 min. 

 
Figure 26. Detection of genomic E. coli DNA diluted in steps of 1:10. The plot shows 
the estimated number of E. coli bacteria and the corresponding amplitude of the free-
bead relaxation peak at 37 ºC (cf. Figure 25; VII). The standard deviations are based on 
measurements of two independent samples. Adapted from Paper IV. 

5.5.2 Detection of proteins/spores 
In Paper VII, the VAM-NDA was used for the first time to detect proteins, 
using the PLA. Spores of Bacillus globigii (BG), the non-pathogenic simulant 
of Bacillus anthracis (BA),113 were used as a model. The detection assay is 
based on the solid phase version of the PLA.114 The overall assay configuration 
is outlined in Figure 27 and is described in brief here.  
   BG spore (green)-containing samples were mixed with PLA probes and mag-
netic Dynabeads (brown) carrying capture antibodies. The BG spores were 
captured by the antibodies attached to the Dynabeads, and recognized by the 
PLA probes (I).  
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Figure 27 Schematic illustration of the molecular reactions and magnetic labeling used 
in the assay. I. BG spores (green) are captured by the antibodies attached to the Dyna-
beads (brown), and recognized by the PLA probes. II. Two connector oligonucleotides 
are hybridized to the DNA arms of the PLA probes. III-IV. DNA circles are formed by 
DNA ligation and amplified by RCA to generate long, tandem, repeated, single-
stranded, coiled DNA strands. V. The repeated RCA products are digested to mono-
mers by hybridizing replication oligonucleotides to the product strand to make a dou-
ble-stranded recognition sequence that is cleaved by a restriction endonuclease. VI-
VIII. The monomers form a new set of circles using excess replication oligonucleotides 
as templates, catalyzed by a DNA ligase, followed by a second RCA to generate new 
DNA coils. The cycle can be repeated until the required concentration of DNA coils is 
reached. IX. The DNA coils are detected through hybridization of oligonucleotide-
tagged magnetic nanobeads (blue). Adapted from Paper VII. 

After washing away non-bound excess materials, two connector oligonucleo-
tides were added and hybridized to the DNA arms of the PLA probes (II). 
DNA circles were formed by DNA ligation (III) and amplified by RCA (IV). 
The number of DNA coils was then amplified through C2CA (V-VIII). In this 
study, two and three cycles of RCA were investigated. The DNA coils were 
detected through hybridization of oligonucleotide-tagged magnetic nanobeads 
to the DNA coils (IX). 
   The LODs for two and three cycles were about 500 and 50 spores, respec-
tively (Figure 28). This was achieved in total incubation and molecular reac-
tion times of 103 and 135 min, respectively. The LOD for three cycles of RCA 
was better than that achieved using an ELISA-based immunoassay.113 
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Figure 28. The plot shows the estimated number of spores and the corresponding ´´max  
of the free-bead relaxation peak. To account for differences in iron-oxide content be-
tween samples, the ´´max  data were normalized using the constant high frequency ´ 
level. The error bars show one standard deviation based on triplicate measurements. 
Adapted from Paper VII. 

5.6 Multiplex detection of DNA 
The aim of Paper II was to investigate the possibility of using the VAM-NDA 
to simultaneously detect several types of DNA target. Multiplex detection is 
enabled by applying a mixture of padlock probes that respond to different tar-
get sequences. After target recognition and RCA, the sample will contain a 
cocktail of different types of DNA coil. The DNA coils are then distinguished 
by the use of differently sized magnetic beads, where each type of detection 
probe-tagged bead will hybridize with the DNA coil it matches. The fre-
quency-dependent magnetization curve will be composite, corresponding to the 
sum of the different bead sizes; this can be resolved into single HFPs using the 
following Cole-Cole model fit: 
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where N is the number of DNA targets in solution. The single HFP levels can 
then be obtained and compared with the corresponding NC HFP levels. 
   In Figure 29, the corrected composite m versus frequency spectra show the 
outcome of duplex experiments using 130 and 250 nm beads and evaluating 12 
DNA coil concentration combinations. T1 and T2 stand for the Vibrio cholerae 
and Vibrio vulnificus targets, respectively, that were used in these experiments. 
130 nm beads were used to recognize T1 and 250 nm beads were used to rec-
ognize T2. The magnitude of m´ tended to decrease when the sum of the target 
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concentrations increased, which is reasonable since this quantity correlates 
with the total amount of immobilized beads. 

 
Figure 29. Composite complex magnetization versus frequency curves showing the 
outcome of quantitative duplexing experiments using a dual-sized detection batch 
obtained by mixing 130 nm (T1 probe) and 250 nm (T2 probe) beads. Panels (a) and 
(b) show the real and imaginary parts of the complex magnetization, respectively. 
Lines are included as a guide for the eye. Adapted from Paper II. 

In this duplex experiment the two HFPs, one corresponding to free 250 nm 
beads and the other to free 130 nm beads, were separated by a factor of only 
one decade in frequency, implying a rather large HFP overlap.  
   Figure 30 displays average T2-250 (panel a) and T1-130 (panel b) HFP lev-
els versus target concentrations obtained from the deconvolution (Equation 10) 
of the composite duplex spectra displayed in Figure 29. The indicated error 
bars, obtained by varying the concentrations of the opposite target, represent 
absolute deviations equal to the difference between the largest and smallest 
HFP levels obtained for each target concentration. 
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Figure 30. (a) Average T2-250 and (b) T1-130 HFP levels versus DNA coil concentra-
tion curves obtained from deconvolution of the composite duplex spectra. The error 
bars represent absolute deviations, indicating the difference between the largest and 
smallest HFP levels obtained for each target concentration by varying the concentra-
tion of the opposite target. Data points lacking error bars represent single measure-
ments for which the concentration of the opposite target has not been varied. Adapted 
from Paper II. 

   At a given T1-130 concentration, the HFP levels tended to have a larger 
variation, whereas the T2-250 HFP levels were somewhat more insensitive to 
variations in T1-130 concentration. Since probe-tagged beads can interact elec-
trostatically with the matching DNA coils as well as with non-matching DNA 
coils, the presence of non-matching coils could have affected the hybridization 
between the probe-tagged beads and their matching DNA coils. This interpre-
tation is supported by the fact that the 130 nm beads were affected more by the 
presence of non-matching coils than the 250 nm beads, which had a considera-
bly larger number of oligonucleotides per bead (14 and 186, respectively), 
since the oligonucleotides “screened” the positively charged amine groups. 
   The spread in HFP levels can be decreased by using beads with a narrower 
size distribution. As well, beads with more detection probes should be chosen 
in order to screen unwanted electrostatic interactions between beads and non-
matching coils. A more alkaline buffer environment could also be used to de-
crease the strength of the attractive electrostatic bead/coil interactions. Fur-
thermore, choosing bead sizes that differ more from each other in order to get 
more separated HFPs would also result in a more accurate deconvolution. For 
clarity, it should be mentioned that the observed spread in T1-130 and T2-250 
HFP levels in Figure 30 was mainly the result of interference between the dif-
ferent types of DNA product. Thus, duplex detection performed with the par-
ticular beads used in this study needs to be optimized further to give as good 
quantitative results as those obtained in a single target assay, but the results 
presented above show that the procedure can in principle be used to quantify 
biomolecules in multiplex assays. 
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   In Figure 31, corrected composite m vs frequency spectra demonstrate the 
outcomes of qualitative T3-80, T1-130, T2-250 triplex detection, where T1 and 
T2 are the same targets as in the duplex experiments and 80nm beads were 
used to recognize E.coli targets (T3). Five different T3-80, T1-130, and T2-250 
concentration combinations were evaluated. The detection batch was prepared 
so that in the “T1-130 0 pM, T2-250 0 pM, T3-80 0 pM” sample (NC), the T2-
250 HFP was roughly twice as high as the T1-130 and T3-80 HFPs. This re-
sulted in a single, broad, plateau-like, composite magnetization frequency 
spectrum for the NC. As expected, the magnitude of m´ decreased when the 
sum of the target concentrations increased. The “T1-130 0 pM, T2-250 0 pM, 
T3-80 300 pM” m´ curve was situated above the “T1-130 300 pM, T2-250 0 
pM, T3-80 0 pM” m´ curve, which occurred because the 80 nm beads had a 
lower immobilization efficiency than the 130 nm beads due to a considerably 
lower surface coverage with detection probes (3 and 14 oligonucleotides per 
bead, respectively). Figure 31 shows that the “T1-130 300 pM, T2-250 300 
pM, T3-80 300 pM” sample exhibited a very flat magnetization frequency 
spectrum of low magnitude; the T2-250 and T1-130 HFPs almost disappeared 
and only a small T3-80 HFP was visible around 130 Hz. For the “T1-130 0 
pM, T2-250 300 pM, T3-80 300 pM” sample, the T2-250 and T3-80 HFPs 
were strongly diminished in height compared to the NC; the peak visible 
around 100 Hz was mainly the result of free 130 nm beads but a small contri-
bution from non-immobilized 80 nm beads cannot be ruled out. For the “T1-
130 300 pM, T2-250 0 pM, T3-80 0 pM” sample, the T1-130 HFP was 
strongly diminished in height compared to the NC, and the composite m´´ ver-
sus frequency spectrum was essentially a superposition of two HFPs, each 
corresponding to free 250 nm and 80 nm beads. The interpretation of the com-
posite m´´ versus frequency spectrum for the “T1-130 0 pM, T2-250 0 pM, T3-
80 300 pM” sample is similar.  
   These results show that triplex detection performs well qualitatively. 
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Figure 31. Composite complex magnetization versus frequency curves showing the 
outcomes of the T1, T2, T3 qualitative triplexing experiment using a triple-sized detec-
tion batch obtained by mixing 80, 130 and 250 nm beads. Panels (a) and (b) show the 
real and imaginary parts of the complex magnetization curves, respectively. Adapted 
from Paper II. 
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6. Concluding remarks 

A magnetic, bead-based biosensor assay suitable as a potential platform for 
low-cost, easy-to-use diagnostics has been developed for detection of different 
biomolecule targets (proteins and DNA). The assay has three basic steps: target 
recognition, enzymatic amplification of the probe-target complex, and addition 
of target-complementary probe-tagged beads which exhibit Brownian relaxa-
tion behavior. Target detection is demonstrated by measuring the frequency-
dependent complex magnetization of the beads. The binding of the beads to the 
amplified probe-target complex (DNA coil) causes a dramatic increase in their 
hydrodynamic volume, corresponding essentially to the size of a DNA coil. 
This causes the Brownian relaxation frequency to decrease, since it is inversely 
proportional to the hydrodynamic volume of the bound beads. The concentra-
tion of the DNA coils is monitored by measuring the decrease in the amplitude 
of the Brownian relaxation peaks of free beads. 
   In this thesis, the parameters oligonucleotide surface coverage, bead concen-
tration, bead size, and RCA time were used to characterize features of the as-
say. It was found that all these parameters affect the outcome and efficiency of 
the assay. 
   A new solid-phase-based molecular probing and amplification protocol for 
detection of real, clinically relevant analytes (bacterial genomic DNA and pro-
teins) was developed and used in combination with the VAM-NDA. The pro-
tocol was used to detect E.coli bacteria and the spores of BG, and an LOD of at 
least 50 bacteria or spores was achieved. This shows that the VAM-NDA has 
great potential for sensitive, rapid detection of biomolecules in both environ-
mental and biomedical applications.  
   The possibility of implementing the VAM-NDA assay on a simpler, easy-to-
handle, highly sensitive AC susceptometer platform was also investigated by 
comparing its performance with that achieved using a SQUID. It was found 
that the portable AC susceptometer performed as well as the SQUID. Thus, it 
appears likely that the VAM-NDA will be able to perform bead-based bio-
molecular detection in point-of-care and outpatient settings. 
   Finally, it was shown that multiplex detection of various DNA targets was 
possible using the VAM-NDA. 
   The next step in the development of the assay, integration of the enzymatic 
reactions and the detection system in a microfluidic format in a chip, will po-
tentially allow the development of a sensitive, cost-efficient, point-of-care 
diagnostic device. 
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Svensk sammanfattning 

Ett hett område inom medicin och biologi är användningen av magnetiska na-
nopartiklar med storlek mindre än 1 µm. Dessa partiklar har unika egenskaper, 
vilket beror på den stora ytan i förhållande till deras massa. De kan t.ex. påver-
kas av ett externt magnetfält. Detta har utnyttjats inom flera områden, t.ex. vid 
utveckling av olika preparat för läkemedelsleverans där bl.a. cancerläkemedel 
binds till den biokompatibla ytan av partikeln och injiceras i kroppen. Med 
hjälp av ett externt magnetfält styrs partiklarna till tumören och på så sätt får 
man en lokal administrering vilket leder till minskade biverkningar. 
Ett annat användningsområde där man har utnyttjat magnetiska nanopartiklar 
är molekylärdiagnostik, ett område som denna avhandling berör. Intresset för 
att utveckla snabba, känsliga och billiga metoder för att detektera biomolekyler 
har vuxit. Biomolekyler som man önskar detektera kallas för målmolekyl och 
kan exempelvis vara ett protein eller en nukleinsyra som utgör en sjukdoms-
markör eller spår av skadliga mikroorganismer. Probmolekyl kallas molekylen 
som känner igen målmolekylen och interaktionen mellan dessa molekyler be-
nämns som molekylär-igenkänningsreaktion. När målmolekylen detekteras i en 
biosensor så omvandlas igenkänningsreaktionen till en tolkningsbar signal, det 
kan exempelvis vara en elektrokemisk, optisk eller magnetisk signal. När igen-
känningsreaktionen omvandlas till en magnetisk signal brukar man tala om en 
magnetisk biosensor och innefattar användandet av magnetiska mikro- eller 
nanopartiklar. Användandet av magnetiska partiklar i biomolekylär detektion 
innebär en rad olika fördelar. Partiklarna kan tillverkas till låga kostnader samt 
att de har väldigt stabila fysiska och kemiska egenskaper. Magnetiska biosen-
sorer kan delas in i två kategorier: substrat-baserade och icke substrat-
baserade. Exempel på substrat-baserade sensorer är Hall- och GMR sensorer. 
Dessa typer av sensorer känner av magnetfälten från partiklar som befinner sig 
nära sensorn. Exempel på icke substrat-baserade sensorer är sådana som är 
baserade på partikelrelaxation, där man t.ex. undersöker nanopartiklarnas s.k. 
Brownska relaxation. I denna typ av sensor fästs probmolekyler på ytan av 
magnetiska partiklar som uppvisar Brownsk relaxation. Om målmolekylen är 
närvarande i provet ökas partiklarnas hydrodynamiska volym genom att mål-
molekylerna binder till probmolekylerna. Denna volymsökning kan mätas ge-
nom att applicera ett oscillerande magnetfält i vilket partiklarna med större 
volym har en lägre karakteristisk rotationsfrekvens än de med mindre volym. 
En kvantitativ analys av antalet målmolekyler i provet kan göras om frekvens-
ändringen blir större ju fler målmolekyler som finns. Alternativt kan antalet 
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målmolekyler i ett prov kvantifieras genom att titta på amplitudsänkningen av 
den Brownska relaxationstoppen för de obundna partiklarna. Den s.k. volym-
amplifierande magnetiska partikelmetoden (VAM-NDA) använder sig av den-
na metod för att kvantifiera antalet målmolekyler i ett prov. 
   För att öka sensorns känslighet är det ofta nödvändigt att förstärka prob-
målmolekylkomplexet med s.k. molekylär amplifiering. En mycket effektiv 
igenkänningsmetod för enkelsträngade DNA-målmolekyler är användandet av 
s.k. hänglåsprober vilka består av korta, enkelsträngade DNA-molekyler där 
ändarna är komplementära till målmolekylerna. När probmolekylen känner 
igen målmolekylen bildas det en cirkel med målmolekylen på släp. Denna cir-
kel bildas endast om prob- och målmolekylen matchar varandra. Varje cirkula-
riserad produkt kan sedan amplifieras genom s.k. rullande cirkel amplifiering 
(RCA) där ett enzym ”rullar ut” en lång DNA-sträng med en repeterande se-
kvens som motsvarar komplementet till den cirkulariserade hänglåsproben. I 
lösning bildar denna långa sträng ett makromolekylärt DNA-nystan.  
Även proteiner kan igenkännas på ett liknande sätt genom användandet av s.k. 
proximitetsprober bestående av par av antikroppar med DNA-strängar. Två 
sådana greppar tag om proteinet varvid DNA-strängarna kommer i närheten av 
varandra. Efter ytterligare ett par steg kan en cirkel erhållas vilken genom RCA 
kan omvandlas till ett DNA-nystan. 
Målet med denna avhandling var att optimera olika parametrar så som probmo-
lekylkoncentration på partikelytan, partikelkoncentration, partikelstorlek och 
RCA-tid för att förbättra VAM-NDA metodens känslighet och detektionsgräns 
samt att få en förbättrad förståelse för hur systemet fungerar. Förutom detta har 
olika relevanta målmolekyler så som E.coli och B. globigii detekteras och det 
har även detekterats flera olika sorters DNA-nystan samtidigt. 
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