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1. Introduction and aims

There are many methods for detecting biomolecular targets in life-science applications. 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 identification is desirable in order to avoid delays in starting appropriate patient therapy. Delayed diagnosis can result in longer patient suffering, increased pathogen 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 remains 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 magnetic particle-based bioassays, in which magnetic particles (also denoted magnetic 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 parameters such as oligonucleotide surface coverage, bead concentration and enzymatic 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 VAMNDA, 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 probing and amplification procedure.
Paper V: To evaluate sulfo-succinimidyl-4-(N-maleimidomethyl) cyclohexane1-carboxylate (sulfo-SMCC) coupling chemistry for attachment of oligonucleotides onto dextran-coated amine-functionalized beads in terms of robustness and stability, and to investigate the hybridization efficiency of complementary 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 interference 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 biological 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 signals which are proportional to the concentrations of a single analyte or a related 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 amplification, display, etc. in an appropriate format (Figure 1).1 The transducer should
be capable of converting a biorecognition event into a measurable event. Typically, this is done by measuring the change that occurs when an analyte recognizes 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 performance (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.
nucleic
acid
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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, electrochemical 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 devices.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 recognition event into a potential signal using ion-selective electrodes. Amperometric 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 advantage of being more sensitive, inexpensive and rapid than potentiometric or
conductometric biosensors.9
Fluorescence detection is currently the most widely used method in biomolecular 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-ofcare 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 advantages. 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 easily 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 response 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 electrical 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 materials;20 the biomolecules are deposited on a biologically active area with a suitable surface, such as an Au or SiO2 layer.31 A review of the structure of magnetoresistive 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). Alternatively, indirect labeling uses the principle of sandwich detection, where biomolecule targets are hybridized with probes on the chip first, and are then labeled 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 laboratory 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 nanoparticles/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 simple to fabricate.37, 39, 43 The most common mechanism by which magnetic particles 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 current 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 morphology 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 particle relaxation-based assays (a detailed description of the relaxation mechanisms 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 nonequilibrium 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 position 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 volume of the beads, and the frequency-dependent complex magnetic susceptibility 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 principle. 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 measured 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 nonimmobilized 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 thermally 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
( )
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m( )
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0

1 i

(1)

where m( ) is the complex magnetization, Hac is the amplitude of the applied
is the high frequency susceptibility, 0 is the low field
AC magnetic field,
static susceptibility and is the characteristic relaxation time.
Equation (1) can be rearranged to give
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with real and imaginary parts given by
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respectively. The real part of the complex susceptibility decreases with increas= 1.
ing frequency and the imaginary part has a maximum for
The magnetic bead relaxation is governed by either of two relaxation mechanisms: 1) Néel relaxation63, 64 (Figure 4a), where the magnetic moment rotates
within the iron-oxide single-domain nanoparticles with a time constant of

N

0 exp(

KV p
kT

)

(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
B

3 VB
kT

(6)

where VB is the hydrodynamic volume of the bead and is the dynamic viscosity 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
B

(2 f B )

1

(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:

( )

0

1 (i

(8)

)1

,

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 interest and to prevent aggregation.68 Aggregation is a significant problem in applications 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 biological systems, the shell should also be biocompatible.68, 70 Stabilization of
24

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

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

Coating the bead surfaces with ionic molecules such as ionic surfactants increases 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 background noise from non-specific adsorption resulting from non-covalent binding
techniques, covalent conjugations are more commonly used. Heterobifunctional cross-linking agents, such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),71, 72 SMCC,73, 74 and N -succinimidyl 3-(2pyridyldithio)-propionate (SPDP),75 are often used in covalent conjugations.
These agents contain two reactive ends and are often used in two-step sequential 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 singledomain maghemite ( -Fe2O3) nanoparticles (Micromod Partikeltechnologie
Gmbh, Germany), each with a diameter around 15 nm, held together by a biocompatible 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 conjugated 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 N25

hydroxysuccinimide ester group of the SPDP molecule. In the second step,
oligonucleotide molecules attach to the bead by a reaction between the oligonucleotide 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)
40
50
80
130
250
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Surface
dextran with NH2
crosslinked hydroxyethyl
starch with NH2
dextran with NH2
dextran with NH2
dextran with NH2

No. of amine
groups per
bead

Solid
content
(mg/ml)

Bead
concentration
(beads/ml)

Papers
using the
ferrofluids

2.500

8

7.7×1013

I, III

1.000

8

3.8×1013

VI, VII

12.000
60.000
614.000

5
10
10

6.2×1012
2.9×1012
4.9×1011

II, III
I-VI
I-III, VI

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 amplify the probe-target complex. One of the most commonly used approaches
for this is enzymatic amplification, e.g. the polymerase chain reaction (PCR).7984
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.
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Another alternative for DNA target amplification involves making the probes
circular to ease recognition of the target DNA, followed by enzymatic amplification 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 singlestranded 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 collapses 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 molecule.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 amplified by the RCA mechanism.

RCA products have been detected optically, e.g. by addition of fluorescencelabeled oligonucleotides complementary to a part of the periodic base sequence
in the RCA products. This results in the formation of big clusters of fluorophores 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 amplification step can take place (Figure 9). A 100-nucleotide-long DNA circle generates 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 protein, the two DNA tails can be joined using DNA ligase and connector oligonucleotides, or can serve as ligation templates and mediate connector oligonucleotide 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 containing 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 current that flows across this barrier is called the Josephson current. Another characteristic property of superconductors is that the magnetic flux through a superconducting ring is quantized in units of the flux quantum
-15
Wb,104 where h is Plancks’s constant and e is the electron
0=h/2e=2.07×10
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 magnetization of 40, 50, 80, 130 and 250 nm magnetic beads. Complex magnetization measurements were carried out on unconjugated beads and oligonucleotide-conjugated beads immobilized in various concentrations of DNA coils.
Each dynamic magnetic measurement was followed by a high field measurement ( 0H=2T, where 0 is the permeability of free space) of the sample magnetic moment in order to calculate the solid content of each sample and to express 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 gradiometer 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 detection 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.
Excitation coil

AC source

Lock-in
amplifier

Detection
coil

Sample

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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D

kT
3 dH

(9)

where D is the diffusion constant, dH is the hydrodynamic diameter of the particles 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 larger 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 intensityweighted 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 oligonucleotidetagged magnetic beads with nominal sizes of 40, 80, 130 and 250 nm are immobilized in the DNA coils. The hydrodynamic volume of the beads and beadDNA coil complex was measured using a Malvern® Zetasizer Nano ZS (Malvern 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 comparing 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 biomolecular analysis that combines padlock probe target recognition and RCA with the
Brownian relaxation assay.65 It is a sensitive, specific magnetic bioassay offering a potential platform for future development of low-cost diagnostic point-ofcare 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 begins 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 probetarget complex is then copied using RCA, generating long concatemers consisting of tandem repeated sequences complementary to the circularized DNA
molecule.93 Each DNA molecule spontaneously collapses into a micrometersized, randomly coiled product which is then detected using oligonucleotidetagged magnetic nanobeads via base-pair hybridization (bead immobilization).
The oligonucleotide-tagged beads only bind to the DNA coils if the oligonucleotide is complementary to a specific sequence of the DNA coil; this makes
the bead-coil interaction highly specific. The binding of beads causes a dramatic 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 unaltered. 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 positive sample and a negative control sample (NC). The NC resulted in one relaxation 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 highfrequency 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 relaxation 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 improved the immobilization efficiency. This can be explained by the higher surface 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 concentrations, 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 sensitivity 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 resultant coil aggregates had relaxation frequencies below the low frequency limit
of the AC magnetization measurements (0.5 Hz). This hypothesis will be further 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 increasing 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 frequencies with increasing RCA times, which was also expected since longer
RCA times will result in coils of larger hydrodynamic size. However, increasing the RCA time from one to two hours did not substantially increase the degree 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 microscopy. 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 immobilization 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 immobilized 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 oligonucleotide-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 affected 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 before 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 oligonucleotides 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 oligonu40

cleotide surface coverage (iii and iv), or large beads with low oligonucleotide
surface coverage (i) can exist. For large beads with high oligonucleotide surface coverage (ii), on the other hand, the beads link several coils together to
form clusters.

Figure 20. Illustration of the immobilization characteristics of oligonucleotidefunctionalized magnetic beads. Larger beads with low oligonucleotide surface coverage (i) form isolated DNA coil-containing beads. Larger beads with high oligonucleotide 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 oligonucleotides onto dextran-coated, amine-functionalized, 130 nm beads was evaluated. The steps involved in this process are illustrated in Figure 21. The sulfoSMCC 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 containing 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 oligonucleotides (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 leveling 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 concentration 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 between 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 process for surface attachment of oligonucleotides to amine groups - SPDP coupling 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
2
3
4

108
90
89
85

The stability of the covalent attachment was evaluated on one sample consisting 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 immediately 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

directly after conjugation
1
2
3
6
7
8

Average number of
oligonucleotides per bead

Loss (%)

108
90
90
70
59
56
51

17
17
35
45
48
53

The hybridization efficiency of the oligonucleotides that had been attached by
sulfo-SMCC chemistry to complementary RCA DNA molecules was also investigated. 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 measurements. The most favorable temperature for hybridization between the oligonucleotide-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 explained by the fact that the hybridisation bridges between the oligonucleotidetagged beads and the DNA coils are likely to have melted at such high temperatures. The base-stacking melting temperatures under similar detection conditions were determined in Paper I to be ~ 63 °C. Since the highest hybridization efficiency occurred at 70 °C, the melting temperature of the bead–DNA–
product hybrids must be higher than this temperature due to cooperative binding effects caused by each bead carrying several oligonucleotides.

Figure 23. Oligonucleotide-functionalized beads were hybridized with 50 pM complementary 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 measuring 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 sensing 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 susceptometer platform with a shorter analysis time, thus allowing broader use of the
assay. The commercial AC susceptometer (DynoMag®) that was used is a port44

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® instrument have been normalized with respect to the high frequency ´ value measured 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, indicating 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 possibility 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 oligonucleotidetagged 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 amplification protocol for detection of bacterial genomic DNA. The molecular and detection procedures were verified on samples containing purified genomic DNA
from Escherichia coli cells. The sample was subjected to the molecular detection 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 hybridize 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 cycles 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 procedures 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 freebead 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 magnetic 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 Dynabeads (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, singlestranded, coiled DNA strands. V. The repeated RCA products are digested to monomers by hybridizing replication oligonucleotides to the product strand to make a double-stranded recognition sequence that is cleaved by a restriction endonuclease. VIVIII. 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 oligonucleotidetagged magnetic nanobeads (blue). Adapted from Paper VII.

After washing away non-bound excess materials, two connector oligonucleotides 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, respectively (Figure 28). This was achieved in total incubation and molecular reaction 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 between 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 target 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 frequency-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 recognize 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 levels 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 concentration 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 concentration of the opposite target. Data points lacking error bars represent single measurements 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 electrostatically 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 interpretation 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 considerably 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 nonmatching coils. A more alkaline buffer environment could also be used to decrease the strength of the attractive electrostatic bead/coil interactions. Furthermore, 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 different types of DNA product. Thus, duplex detection performed with the particular 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 T2250 HFP was roughly twice as high as the T1-130 and T3-80 HFPs. This resulted 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 contribution from non-immobilized 80 nm beads cannot be ruled out. For the “T1130 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´´ versus frequency spectrum was essentially a superposition of two HFPs, each
corresponding to free 250 nm and 80 nm beads. The interpretation of the composite m´´ versus frequency spectrum for the “T1-130 0 pM, T2-250 0 pM, T380 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 detection 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 relaxation behavior. Target detection is demonstrated by measuring the frequencydependent 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 concentration 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 concentration, bead size, and RCA time were used to characterize features of the assay. 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 proteins) was developed and used in combination with the VAM-NDA. The protocol 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 environmental and biomedical applications.
The possibility of implementing the VAM-NDA assay on a simpler, easy-tohandle, 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 biomolecular 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 potentially 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 nanopartiklar 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. påverkas 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 sjukdomsmarkör eller spår av skadliga mikroorganismer. Probmolekyl kallas molekylen
som känner igen målmolekylen och interaktionen mellan dessa molekyler benämns 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 igenkänningsreaktionen 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 biosensorer kan delas in i två kategorier: substrat-baserade och icke substratbaserade. 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 målmolekylerna binder till probmolekylerna. Denna volymsökning kan mätas genom 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 frekvensändringen 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. volymamplifierande magnetiska partikelmetoden (VAM-NDA) använder sig av denna metod för att kvantifiera antalet målmolekyler i ett prov.
För att öka sensorns känslighet är det ofta nödvändigt att förstärka probmålmolekylkomplexet 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 cirkel bildas endast om prob- och målmolekylen matchar varandra. Varje cirkulariserad produkt kan sedan amplifieras genom s.k. rullande cirkel amplifiering
(RCA) där ett enzym ”rullar ut” en lång DNA-sträng med en repeterande sekvens 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 probmolekylkoncentration 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.

57

Acknowledgements

First I would like to thank my main supervisor Maria Strømme for giving me
the opportunity to continue working in this exciting field after finishing my
diploma work. Thank you for your guidance and your endless support.
I would also like to express my warmest gratitude to my co-supervisor Peter
Svedlindh for being a great tutor and teaching me all I know about magnetism,
for listening and answering any question, always with a smile.
To Mats Nilsson, thank you for sharing your knowledge and bringing enthusiasm to our work.
To Mattias, Klas and Rebecca, it was great working with you in this challenging task to bring the fields of biology and magnetism together!
Thank you Jenny, David, Anja, Camilla, Rongqin, Anna, Harisha and
Malte at Rudbeck lab for introducing me to the world of blobs and for your
great enthusiasm in our joint projects, without you I would never have succeeded.
Thank you Christer for helping out with your magnetic measurements at
Imego AB.
To my former and present colleagues at the Nano group: Aamir, Albert, Alfonso, Babu, Christian, Christoffer, Daniel, Erik, Gustav, Henrik, Kai,
Ken, Martin, Natalia F, Saad, Sara, Ulrika and Yangling, thank you for the
friendly atmosphere that you have created. Special thanks to my roommate
Natalia K, for always making me laugh until my belly hurts!
Thank you Per, Roland, Magnus and Matthias for your many jokes and for
always helping me to refill the SQUID with liquid helium and helping me out
whenever I had problems with the instrument.
Without my beloved family this would never have been accomplished; thank
you for all your love and support!
Johan, thank you for always supporting and being there for me (and for always
helping me with the computer!), I love you!

58

References

1. Turner, A. P. F., Karube, I., Wilson, G. S. (1987) Biosensors: Fundamentals and
Applications. Oxford University Press: Oxford, 770
2. Collings, A. F., Caruso, F. (1997) Biosensors: recent advances. Reports on Progress in Physics, 60 (11): 1397-1445
3. Chen, J. R., Miao, Y. Q., He, N. Y., Wu, X. H., Li, S. J. (2004) Nanotechnology
and biosensors. Biotechnology Advances, 22 (7): 505-518
4. Wang, J. (2006) Electrochemical biosensors: Towards point-of-care cancer diagnostics. Biosensors & Bioelectronics, 21 (10): 1887-1892
5. Kerman, K., Kobayashi, M., Tamiya, E. (2004) Recent trends in electrochemical
DNA biosensor technology. Measurement Science & Technology, 15 (2): R1-R11
6. Sampath, S., Lev, O. (1997) Membrane-free, rhodium-modified, methyl silicategraphite amperometric biosensor. Journal of Electroanalytical Chemistry, 426 (12): 131-137
7. Pohanka, M., Skladai, P. (2008) Electrochemical biosensors - principles and applications. Journal of Applied Biomedicine, 6 (2): 57-64
8. Bakker, E. (2004) Electrochemical sensors. Analytical Chemistry, 76 (12): 32853298
9. Chaubey, A., Malhotra, B. D. (2002) Mediated biosensors. Biosensors & Bioelectronics, 17 (6-7): 441-456
10. Mehrvar, M., Abdi, M. (2004) Recent developments, characteristics, and potential
applications of electrochemical biosensors. Analytical Sciences, 20 (8): 1113-1126
11. Park, H. G., Song, J. Y., Park, K. H., Kim, M. H. (2006) Fluorescence-based assay
formats and signal amplification strategies for DNA microarray analysis. Chemical
Engineering Science, 61 (3): 954-965
12. Jarvius, J., Melin, J., Goransson, J., Stenberg, J., Fredriksson, S., Gonzalez-Rey,
C., Bertilsson, S., Nilsson, M. (2006) Digital quantification using amplified singlemolecule detection. Nature Methods, 3 (9): 725-727
13. Ramsay, G. (1998) DNA chips: State-of-the-art. Nature Biotechnology, 16 (1): 4044
14. Wang, H. X., Nakata, E., Hamachi, I. (2009) Recent Progress in Strategies for the
Creation of Protein-Based Fluorescent Biosensors. Chembiochem, 10 (16): 25602577
15. Teles, F. R. R., Fonseca, L. R. (2008) Trends in DNA biosensors. Talanta, 77 (2):
606-623
16. Caruso, F., Rodda, E., Furlong, D. F., Niikura, K., Okahata, Y. (1997) Quartz
crystal microbalance study of DNA immobilization and hybridization for nucleic
acid sensor development. Analytical Chemistry, 69 (11): 2043-2049
17. Fawcett, N. C., Evans, J. A., Chien, L. C., Flowers, N. (1988) Nucleic-Acid Hybridization Detected by Piezoelectric Resonance. Analytical Letters, 21 (7): 10991114

59

18. Tombelli, S., Mascini, M., Sacco, C., Turner, A. P. F. (2000) A DNA piezoelectric
biosensor assay coupled with a polymerase chain reaction for bacterial toxicity determination in environmental samples. Analytica Chimica Acta, 418 (1): 1-9
19. Pankhurst, Q. A., Connolly, J., Jones, S. K., Dobson, J. (2003) Applications of
magnetic nanoparticles in biomedicine. Journal of Physics D-Applied Physics, 36
(13): R167-R181
20. Llandro, J., Palfreyman, J. J., Ionescu, A., Barnes, C. H. W. Magnetic biosensor
technologies for medical applications: a review. Medical & Biological Engineering & Computing, 48 (10): 977-998
21. Tamanaha, C. R., Mulvaney, S. P., Rife, J. C., Whitman, L. J. (2008) Magnetic
labeling, detection, and system integration. Biosensors & Bioelectronics, 24 (1): 113
22. Megens, M., Prins, M. (2005) Magnetic biochips: a new option for sensitive diagnostics. Journal of Magnetism and Magnetic Materials, 293 (1): 702-708
23. Baselt, D. R., Lee, G. U., Natesan, M., Metzger, S. W., Sheehan, P. E., Colton, R.
J. (1998) A biosensor based on magnetoresistance technology. Biosensors & Bioelectronics, 13 (7-8): 731-739
24. Graham, D. L., Ferreira, H. A., Freitas, P. P. (2004) Magnetoresistive-based biosensors and biochips. Trends in Biotechnology, 22 (9): 455-462
25. Lany, M., Boero, G., Popovic, R. S. (2005) Superparamagnetic microbead inductive detector. Review of Scientific Instruments, 76 (8): 084301
26. Miller, M. M., Sheehan, P. E., Edelstein, R. L., Tamanaha, C. R., Zhong, L.,
Bounnak, S., Whitman, L. J., Colton, R. J. (2001) A DNA array sensor utilizing
magnetic microbeads and magnetoelectronic detection. Journal of Magnetism and
Magnetic Materials, 225 (1-2): 138-144
27. Schotter, J., Kamp, P. B., Becker, A., Puhler, A., Reiss, G., Bruckl, H. (2004)
Comparison of a prototype magnetoresistive biosensor to standard fluorescent
DNA detection. Biosensors & Bioelectronics, 19 (10): 1149-1156
28. Baibich, M. N., Broto, J. M., Fert, A., Vandau, F. N., Petroff, F., Eitenne, P.,
Creuzet, G., Friederich, A., Chazelas, J. (1988) Giant Magnetoresistance of
(001)Fe/(001) Cr Magnetic Superlattices. Physical Review Letters, 61 (21): 24722475
29. Binasch, G., Grünberg, P., Saurenbach, F., Zinn, W. (1989) Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange.
Physical Review B, 39 (7): 4828-4830
30. Hardman, U. (1996) Magnetic Thin Film and Multilayer Systems:Physics, Analysis and Industrial Applications. Springer Series in Material Science
31. Wang, S. X., Li, G. (2008) Advances in giant magnetoresistance biosensors with
magnetic nanoparticle tags: Review and outlook. Ieee Transactions on Magnetics,
44 (7): 1687-1702
32. Osterfeld, S. J., Wang, S. X., Dill, K., Liu, R., Grodzinski, P. (2008) Microarrays:
New Development Towards Recognition of Nucleic Acid and Protein Signatures.
Springer Verlag/Kluwer: New York
33. Miller, M. M., Prinz, G. A., Cheng, S. F., Bounnak, S. (2002) Detection of a micron-sized magnetic sphere using a ring-shaped anisotropic magnetoresistancebased sensor: A model for a magnetoresistance-based biosensor. Applied Physics
Letters, 81 (12): 2211-2213
34. Li, G. X., Joshi, V., White, R. L., Wang, S. X., Kemp, J. T., Webb, C., Davis, R.
W., Sun, S. H. (2003) Detection of single micron-sized magnetic bead and magnetic nanoparticles using spin valve sensors for biological applications. Journal of
Applied Physics, 93 (10): 7557-7559

60

35. Hall, E. D. (1879) On a New Action of the Magnet on Electric Currents. American
Journal of Mathematics, 2 (3): 287-292
36. Boero, G., Demierre, M., Besse, P. A., Popovic, R. S. (2003) Micro-Hall devices:
performance, technologies and applications. Sensors and Actuators a-Physical,
106 (1-3): 314-320
37. Sandhu, A., Sanbonsugi, H., Shibasaki, I., Abe, M., Handa, H. (2004) High sensitivity InSb ultra-thin film micro-hall sensors for bioscreening applications. Japanese Journal of Applied Physics Part 2-Letters & Express Letters, 43 (7A): L868L870
38. Togawa, K., Sanbonsugi, H., Sandhu, A., Abe, M., Narimatsu, H., Nishio, K.,
Handa, H. (2006) Detection of magnetically labeled DNA using pseudomorphic
AlGaAs/InGaAs/GaAs heterostructure micro-Hall biosensors. Journal of Applied
Physics, 99 (8)
39. Sandhu, A., Handa, H., Abe, M. (2010) Synthesis and applications of magnetic
nanoparticles for biorecognition and point of care medical diagnostics. Nanotechnology, 21 (44): 442001
40. Togawa, K., Sanbonsugi, H., Sandhu, A., Abe, M., Narimatsu, H., Nishio, K.,
Handa, H. (2005) High sensitivity InSb Hall effect biosensor platform for DNA
detection and biomolecular recognition using functionalized magnetic nanobeads.
Japanese Journal of Applied Physics Part 2-Letters & Express Letters, 44 (46-49):
L1494-L1497
41. Sandhu, A., Kumagai, Y., Lapicki, A., Sakamoto, S., Abe, M., Handa, H. (2007)
High efficiency Hall effect micro-biosensor platform for detection of magnetically
labeled biomolecules. Biosensors & Bioelectronics, 22 (9-10): 2115-2120
42. Manandhar, P., Chen, K. S., Aledealat, K., Mihajlovic, G., Yun, C. S., Field, M.,
Sullivan, G. J., Strouse, G. F., Chase, P. B., von Molnar, S., Xiong, P. (2009) The
detection of specific biomolecular interactions with micro-Hall magnetic sensors.
Nanotechnology, 20 (35)
43. Besse, P. A., Boero, G., Demierre, M., Pott, V., Popovic, R. (2002) Detection of a
single magnetic microbead using a miniaturized silicon Hall sensor. Applied Physics Letters, 80 (22): 4199-4201
44. Beach, R. S., Berkowitz, A. E. (1994) Giant Magnetic-Field Dependent Impedance
of Amorphous Fecosib Wire. Applied Physics Letters, 64 (26): 3652-3654
45. Vazquez, M., Knobel, M., Sanchez, M. L., Valenzuela, R., Zhukov, A. P. (1997)
Giant magnetoimpedance effect in soft magnetic wires for sensor applications.
Sensors and Actuators a-Physical, 59 (1-3): 20-29
46. Knobel, M., Pirota, K. R. (2002) Giant magnetoimpedance: concepts and recent
progress. Journal of Magnetism and Magnetic Materials, 242: 33-40
47. Kurlyandskaya, G. V., Sanchez, M. L., Hernando, B., Prida, V. M., Gorria, P.,
Tejedor, M. (2003) Giant-magnetoimpedance-based sensitive element as a model
for biosensors. Applied Physics Letters, 82 (18): 3053-3055
48. Kurlyandskaya, G., Levit, V. (2005) Magnetic Dynabeads (R) detection by sensitive element based on giant magnetoimpedance. Biosensors & Bioelectronics, 20
(8): 1611-1616
49. Chiriac, H., Tibu, M., Moga, A. E., Herea, D. D. (2005) Magnetic GMI sensor for
detection of biomolecules. Journal of Magnetism and Magnetic Materials, 293 (1):
671-676
50. Blanc-Beguin, F., Nabily, S., Gieraltowski, J., Turzo, A., Querellou, S., Salaun, P.
Y. (2009) Cytotoxicity and GMI bio-sensor detection of maghemite nanoparticles
internalized into cells. Journal of Magnetism and Magnetic Materials, 321 (3):
192-197

61

51. Kumar, A., Mohapatra, S., Fal-Miyar, V., Cerdeira, A., Garcia, J. A., Srikanth, H.,
Gass, J., Kurlyandskaya, G. V. (2007) Magnetoimpedance biosensor for Fe3O4
nanoparticle intracellular uptake evaluation. Applied Physics Letters, 91 (14)
52. Chen, L., Bao, C. C., Yang, H., Li, D., Lei, C., Wang, T., Hu, H. Y., He, M., Zhou,
Y., Cui, D. X. (2011) A prototype of giant magnetoimpedance-based biosensing
system for targeted detection of gastric cancer cells. Biosensors & Bioelectronics,
26 (7): 3246-3253
53. Kurlyandskaya, G. V., Miyar, V. F., Saad, A., Asua, E., Rodriguez, J. (2007) Giant
magnetoimpedance: A label-free option for surface effect monitoring. Journal of
Applied Physics, 101 (5)
54. Kurlyandskaya, G. V. (2009) Giant magnetoimpedance for biosensing: Advantages and shortcomings. Journal of Magnetism and Magnetic Materials, 321 (7):
659-662
55. Connolly, J., St Pierre, T. G. (2001) Proposed biosensors based on time-dependent
properties of magnetic fluids. Journal of Magnetism and Magnetic Materials, 225
(1-2): 156-160
56. Astalan, A. P., Ahrentorp, F., Johansson, C., Larsson, K., Krozer, A. (2004) Biomolecular reactions studied using changes in Brownian rotation dynamics of magnetic particles. Biosensors & Bioelectronics, 19 (8): 945-951
57. Öisjöen, F., Schneiderman, J. F., Zaborowska, M., Shunmugavel, K., Magnelind,
P., Kalaboukhov, A., Petersson, K., Astalan, A. P., Johansson, C., Winkler, D.
(2009) Fast and Sensitive Measurement of Specific Antigen-Antibody Binding
Reactions With Magnetic Nanoparticles and HTS SQUID. Ieee Transactions on
Applied Superconductivity, 19 (3): 848-852
58. Öisjöen, F., Schneiderman, J. F., Astalan, A. P., Kalabukhov, A., Johansson, C.,
Winkler, D. (2010) A new approach for bioassays based on frequency- and timedomain measurements of magnetic nanoparticles. Biosensors & Bioelectronics, 25
(5): 1008-1013
59. Chemla, Y. R., Crossman, H. L., Poon, Y., McDermott, R., Stevens, R., Alper, M.
D., Clarke, J. (2000) Ultrasensitive magnetic biosensor for homogeneous immunoassay. Proceedings of the National Academy of Sciences of the United States of
America, 97 (26): 14268-14272
60. Grossman, H. L., Myers, W. R., Vreeland, V. J., Bruehl, R., Alper, M. D., Bertozzi, C. R., Clarke, J. (2004) Detection of bacteria in suspension by using a superconducting quantum interference device. Proceedings of the National Academy of
Sciences of the United States of America, 101 (1): 129-134
61. Odenbach, S. (2002) Ferrofluids: Magnetically controllable fluids and their applications. In Lecture Notes in Physics, Odenbach, S., Ed. Springer-Verlag
62. Debye, P. (1929) Polar Molecules. The Chemical Catalogue Company: New York
63. Néel, L. (1949) Théorie du traînage magnétique des ferromagnétiques en grains
fins avec application aux terres cuites. Annals of Geophysics, 5: 99-136
64. Erne, B. H., Butter, K., Kuipers, B. W. M., Vroege, G. J. (2003) Rotational diffusion in iron ferrofluids. Langmuir, 19 (20): 8218-8225
65. Strömberg, M., Göransson, J., Gunnarsson, K., Nilsson, M., Svedlindh, P.,
Strømme, M. (2008) Sensitive molecular diagnostics using volume-amplified
magnetic nanobeads. Nano Letters, 8 (3): 816-821
66. Brown, W. F. (1963) Thermal Fluctuations of a Singledomain Particle. Journal of
Applied Physics, 34 (4): 1319-1320
67. Cole, K. S., Cole, R. H. (1941) Dispersion and absorption in dielectrics I. Alternating current characteristics. Journal of Chemical Physics, 9 (4): 341-351
68. Xu, C. J., Sun, S. H. (2007) Monodisperse magnetic nanoparticles for biomedical
applications. Polymer International, 56 (7): 821-826

62

69. Eberbeck, D., Wiekhorst, F., Steinhoff, U., Trahms, L. (2006) Aggregation behaviour of magnetic nanoparticle suspensions investigated by magnetorelaxometry.
Journal of Physics-Condensed Matter, 18 (38): S2829-S2846
70. Laurent, S., Forge, D., Port, M., Roch, A., Robic, C., Elst, L. V., Muller, R. N.
(2008) Magnetic iron oxide nanoparticles: Synthesis, stabilization, vectorization,
physicochemical characterizations, and biological applications. Chemical Reviews,
108 (6): 2064-2110
71. Walsh, M. K., Wang, X. W., Weimer, B. C. (2001) Optimizing the immobilization
of single-stranded DNA onto glass beads. Journal of Biochemical and Biophysical
Methods, 47 (3): 221-231
72. Wagner, K., Kautz, A., Roder, M., Schwalbe, M., Pachmann, K., Clement, J. H.,
Schnabelrauch, M. (2004) Synthesis of oligonucleotide-functionalized magnetic
nanoparticles and study on their in vitro cell uptake. Applied Organometallic
Chemistry, 18 (10): 514-519
73. Wang, S. M., Chern, J. W., Yeh, M. Y., Ng, Y. C., Tung, E., Roffler, S. R. (1992)
Specific Activation of Glucuronide Prodrugs by Antibody-Targeted Enzyme Conjugates for Cancer-Therapy. Cancer Research, 52 (16): 4484-4491
74. Baker, S. E., Cai, W., Lasseter, T. L., Weidkamp, K. P., Hamers, R. J. (2002) Covalently bonded adducts of deoxyribonucleic acid (DNA) oligonucleotides with
single-wall carbon nanotubes: Synthesis and hybridization. Nano Letters, 2 (12):
1413-1417
75. Strömberg, M., Gunnarsson, K., Johansson, H., Nilsson, M., Svedlindh, P.,
Strømme, M. (2007) Interbead interactions within oligonucleotide functionalized
ferrofluids suitable for magnetic biosensor applications. Journal of Physics DApplied Physics, 40 (5): 1320-1330
76. Hermanson, G. T. (2008) Bioconjugate techniques. Academic Press, Inc.
77. Mattson, G., Conklin, E., Desai, S., Nielander, G., Savage, M. D., Morgensen, S.
(1993) A Practical Approach to Cross-Linking. Molecular Biology Reports, 17 (3):
167-183
78. Brinkley, M. (1992) A Brief Survey of Methods for Preparing Protein Conjugates
with Dyes, Haptens, and Cross-Linking Reagents. Bioconjugate Chemistry, 3 (1):
2-13
79. Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T., Erlich, H. A., Arnheim, N. (1985) Enzymatic Amplification of Beta-Globin Genomic Sequences and
Restriction Site Analysis for Diagnosis of Sickle-Cell Anemia. Science, 230
(4732): 1350-1354
80. Mullis, K. B., Faloona, F. A. (1987) Specific Synthesis of DNA Invitro Via a Polymerase-Catalyzed Chain-Reaction. Methods in Enzymology, 155: 335-350
81. Cho, S. N., Brennan, P. J. (2007) Tuberculosis: Diagnostics. Tuberculosis, 87:
S14-S17
82. Fenn, J. P., Segal, H., Barland, B., Denton, D., Whisenant, J., Chun, H., Christofferson, K., Hamilton, L., Carroll, K. (1994) Comparison of Updated Vitek Yeast
Biochemical Card and Api 20c Yeast Identification Systems. Journal of Clinical
Microbiology, 32 (5): 1184-1187
83. Haynes, K. A., Westerneng, T. J. (1996) Rapid identification of Candida albicans,
C-glabrata, C-parapsilosis and C-krusei by species-specific PCR of large subunit
ribosomal DNA. Journal of Medical Microbiology, 44 (5): 390-396
84. Mahony, J. B. (2008) Detection of Respiratory Viruses by Molecular Methods.
Clinical Microbiology Reviews, 21 (4): 716-747
85. Lo, Y. M., Chan, K. C. (2006) Methods in molecular biology 336: 11-18

63

86. Nilsson, M., Malmgren, H., Samiotaki, M., Kwiatkowski, M., Chowdhary, B. P.,
Landegren, U. (1994) Padlock Probes - Circularizing Oligonucleotides for Localized DNA Detection. Science, 265 (5181): 2085-2088
87. Landegren, U., Dahl, F., Nilsson, M., Fredriksson, S., Baner, J., Gullberg, M.,
Jarvius, J., Gustafsdottir, S., Soderberg, O., Ericsson, O., Stenberg, J., Schallmeiner, E. (2003) Padlock and proximity probes for in situ and array-based analyses: tools for the post-genomic era. Comparative and Functional Genomics, 4 (5):
525-530
88. Nilsson, M., Krejci, K., Koch, J., Kwiatkowski, M., Gustavsson, P., Landegren, U.
(1997) Padlock probes reveal single-nucleotide differences, parent of origin and in
situ distribution of centromeric sequences in human chromosomes 13 and 21. Nature Genetics, 16 (3): 252-255
89. Landegren, U., Schallmeiner, E., Nilsson, M., Fredriksson, S., Baner, J., Gullberg,
M., Jarvius, J., Gustafsdottir, S., Dahl, F., Soderberg, O., Ericsson, O., Stenberg, J.
(2004) Molecular tools for a molecular medicine: analyzing genes, transcripts and
proteins using padlock and proximity probes. Journal of Molecular Recognition,
17 (3): 194-197
90. Conze, T., Shetye, A., Tanaka, Y., Gu, J. J., Larsson, C., Goransson, J., Tavoosidana, G., Soderberg, O., Nilsson, M., Landegren, U. (2009) Analysis of Genes,
Transcripts, and Proteins via DNA Ligation. Annual Review of Analytical Chemistry, 2: 215-239
91. Nilsson, M., Dahl, F., Larsson, C., Gullberg, M., Stenberg, J. (2006) Analyzing
genes using closing and replicating circles. Trends in Biotechnology, 24 (2): 83-88
92. Baner, J., Nilsson, M., Mendel-Hartvig, M., Landegren, U. (1998) Signal amplification of padlock probes by rolling circle replication. Nucleic Acids Research, 26
(22): 5073-5078
93. Fire, A., Xu, S. Q. (1995) Rolling Replication of Short DNA Circles. Proceedings
of the National Academy of Sciences of the United States of America, 92 (10):
4641-4645
94. Liu, D. Y., Daubendiek, S. L., Zillman, M. A., Ryan, K., Kool, E. T. (1996) Rolling circle DNA synthesis: Small circular oligonucleotides as efficient templates for
DNA polymerases. Journal of the American Chemical Society, 118 (7): 1587-1594
95. Lizardi, P. M., Huang, X. H., Zhu, Z. R., Bray-Ward, P., Thomas, D. C., Ward, D.
C. (1998) Mutation detection and single-molecule counting using isothermal rolling-circle amplification. Nature Genetics, 19 (3): 225-232
96. Blab, G. A., Schmidt, T., Nilsson, M. (2004) Homogeneous detection of single
rolling circle replication products. Analytical Chemistry, 76 (2): 495-498
97. Dahl, F., Baner, J., Gullberg, M., Mendel-Hartvig, M., Landegren, U., Nilsson, M.
(2004) Circle-to-circle amplification for precise and sensitive DNA analysis. Proceedings of the National Academy of Sciences of the United States of America, 101
(13): 4548-4553
98. Fredriksson, S., Gullberg, M., Jarvius, J., Olsson, C., Pietras, K., Gustafsdottir, S.
M., Ostman, A., Landegren, U. (2002) Protein detection using proximitydependent DNA ligation assays. Nature Biotechnology, 20 (5): 473-477
99. Gustafsdottir, S. M., Schallmeiner, E., Fredriksson, S., Gullberg, M., Soderberg,
O., Jarvius, M., Jarvius, J., Howell, M., Landegren, U. (2005) Proximity ligation
assays for sensitive and specific protein analyses. Analytical Biochemistry, 345
(1): 2-9
100. Schallmeiner, E., Oksanen, E., Ericsson, O., Spangberg, L., Eriksson, S., Stenman,
U. H., Pettersson, K., Landegren, U. (2007) Sensitive protein detection via triplebinder proximity ligation assays. Nature Methods, 4 (2): 135-137

64

101. Söderberg, O., Gullberg, M., Jarvius, M., Ridderstrale, K., Leuchowius, K. J.,
Jarvius, J., Wester, K., Hydbring, P., Bahram, F., Larsson, L. G., Landegren, U.
(2006) Direct observation of individual endogenous protein complexes in situ by
proximity ligation. Nature Methods, 3 (12): 995-1000
102. Cullity, B. C., Graham, C. D. (2008) Introduction to Magnetic Materials. IEEE
Press: 43-44
103. Josephson, B. D. (1962) Possible New Effects in Superconductive Tunnelling.
Physics Letters, 1 (7): 251-253
104. Fagaly, R. L. (2006) Superconducting quantum interference device instruments
and applications. Review of Scientific Instruments, 77 (10)
105. Svedlindh, P. (1988) Kryofysik kosmos, SQUID-fysik och tillämningar.
106. http://www.qdusa.com/sitedocs/productBrochures/1014-003.pdf, January 2012
107. http://www.imego.com/research-and-development/electromagnetic-sensors-andsystems/industrial-solutions/ac-susceptometer-dynomag.aspx, January 2012
108. Astalan, A. P. Brownian Relaxation Measurements of Magnetic Nanoparticles:
Towards the Development of a Novel Biosensor System. Chalmers University of
Technology, Gothenburg, 2007.
109. Berne, B. J., Pecora, R. (2000) Dynamic Light Scattering - with Applications to
Chemistry, Biology, and Physics. Dover Publications: New York
110. www.malvern.com, January 2012
111. www.tecan.com, January 2012
112. Svedlindh, P., Gunnarsson, K., Strömberg, M., Oscarsson, S. (2009) Bionanomagnetism. In Nanomagnetism and Spintronics- Fabrication, Materials, Characterization and Applications, Nasirpouri, F.; Nogaret, A., Eds. World Scientific Publishing: Singapore, pp 315-341
113. Farrell, S., Halsall, H. B., Heineman, W. R. (2005) Immunoassay for B-globigii
spores as a model for detecting B-anthracis spores in finished water. Analyst, 130
(4): 489-497
114. Darmanis, S., Nong, R. Y., Hammond, M., Gu, J. J., Alderborn, A., Vanelid, J.,
Siegbahn, A., Gustafsdottir, S., Ericsson, O., Landegren, U., Kamali-Moghaddam,
M. (2010) Sensitive Plasma Protein Analysis by Microparticle-based Proximity
Ligation Assays. Molecular & Cellular Proteomics, 9 (2): 327-335

65

