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Abstract
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Faculty of Science and Technology 1193. 94 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9077-5.

In this thesis, three different read-out techniques for biomolecular recognition have been studied.
All three techniques rely on the change in dynamic behaviour of probe functionalised magnetic
beads after binding to a biomolecular target complementary to the probe.

In the first technique presented, the sample is exposed to an AC magnetic field while the
response to this field is probed using a laser source and a photodetector positioned at opposite
sides of the sample. Beads bound to the target entity will experience an increase in their
hydrodynamic volume, and will not be able to respond as rapidly to an alternating field as
free beads. Here, the target entity is either DNA coils formed by rolling circle amplification or
biotinylated bovine serum albumin (bBSA). The change in dynamic behaviour is measured as a
frequency dependent modulation of transmitted light. Limit of detections (LODs) of 5 pM DNA
coils originating from a V. cholerae target and 100 pM of bBSA have been achieved.

In the second technique presented, the beads are magnetically transported across a probe
functionalised detection area on a microchip. Beads bound to a target will be blocked from
interaction with the detection area probes, whereas in the absence of a target, beads will be
immobilised on the detection area. The LOD of biotin for this system proved to be in the range
of 20 to 50 ng/ml.

In the third technique presented, the sample is microfluidically transported to a detection area
on a microchip. The read-out is performed using a planar Hall effect bridge sensor. A sinusoidal
current is applied to the bridge in one direction and the sensor output voltage is measured
across the sensor in the perpendicular direction. The AC current induced bead magnetisation
contributing to the sensor output will appear different for free beads compared to beads bound
to a target. LODs of 500 B. globigii spores and 2 pM of V. cholerae DNA coils were achieved.

From a lab-on-a-chip point of view, all three techniques considered in this thesis show
promising results with regards to sensitivity and integrability.
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Abbreviations and symbols 

AC Alternating current 
AMR Anisotropic magnetoresistance 
BG Bacillus globigii 
C2CA Circle-to-circle amplification 
DLS Dynamic light scattering 
dsDNA Double-stranded DNA 
EC Escherichia coli 
GMR Giant magnetoresistance 
LAT Latex agglutination test 
LALBA Alpha-lactalbumin 
LOD Limit of detection 
NC Negative control 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PEG Polyethylene glycol 
PHE Planar Hall effect 
PHEB Planar Hall effect bridge 
PLA Proximity ligation assay 
PSD Power spectral density 
RCA Rolling circle amplification 
SQUID Superconducting quantum interference device 
ssDNA Single-stranded DNA 
TMR Tunneling magnetoresistance 
VC Vibrio cholerae 
  

  Susceptibility 
  Real/in-phase part of the susceptibility 
  Imaginary/out-of-phase part of the susceptibility 
  Low field static susceptibility 
  High frequency susceptibility 
  Hydrodynamic diameter 

  Phase angle 
  Frequency 
  Brownian relaxation frequency 

Fe3O4 Magnetite 
γ-Fe2O3 Maghaemite 



 

H Magnetic field 
I Current 

  Boltzmann constant 
M Magnetisation 

  Saturation magnetisation 
  Permeability of free space 

  Dynamic viscosity 
  Brownian relaxation time 
  Néel relaxation time 

V Voltage 
  Amplitude of frequency dependent output voltage 

  Hydrodynamic volume 
  Un-modulated part of output voltage 
  Second harmonic voltage 
  In-phase component of second harmonic voltage 
  Out-of-phase component of second harmonic voltage 

  Angular frequency 
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1 Introduction 

The concept “biosensor” is very broad. One of the many definitions is: an 
analytical device used for the detection of an analyte.1 In the world of sci-
ence and technology, this concept is not new. In fact it has been a research 
area for almost five decades and the oldest versions of the concept are based 
on electrochemical reactions.2 

A lot has happened since the early days. Biosensors are now available at 
any pharmacy, for example in the form of electrochemical glucose meters or 
lateral flow tests used for the detection of human chorionic gonadotropin 
(pregnancy testing) or luteinising hormone (ovulation testing). Different 
types of biosensors are also used for point-of-care testing, or in the doctor’s 
surgery. In those cases, a doctor performs the test, thus mitigating the easy-
to-use and cost requirements that apply to any in-home test; however, the 
rapid sensor reply requirement is applicable in these cases as well as the in-
home test case. Another important requirement for point-of-care tests is that 
the test device must be handheld, or at least portable. When these require-
ments cannot be achieved, e.g. the tests require expensive auxiliary equip-
ment or expert knowledge about the procedures involved, the sample is sent 
to a central laboratory. This usually implies that the time between the actual 
testing and the results being delivered to the patient is greatly extended. An 
extended test time can also be a result of time consuming sample prepara-
tion. For example, in the case of many bacterial infections, the bacteria must 
be cultured for 24-48 hours before their concentration is sufficiently high for 
detection. Some bacterial strains can actually require several weeks of cul-
turing before being numerous enough for a diagnostic test.3, 4 

The requirements for biosensors used in developing countries are some-
what different from those described above. A realistic scenario involves a 
patient living several miles from the nearest clinic with no other means of 
travel than by foot, and the clinic’s only access to electricity being via a 
portable generator. With this in mind, it is obvious that a cost efficient sensor 
delivering the results rapidly is of the utmost importance. It also poses im-
portant requirements in terms of low power consumption and low contami-
nation risks.5 

As already mentioned, a biosensor is used for the detection of an analyte. 
This analyte can be one of many things; bacteria, viruses or different types 
of biomolecules such as antigens, proteins, nucleic acids or enzymes. Today, 
the greatest killer worldwide due to a single infectious agent is the human 
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immunodeficiency virus (HIV).6 HIV is diagnosed through the detection of 
antibodies, antigens, nucleic acids or a combination of all three. The first 
screening test for HIV was an enzyme-linked immunosorbent assay (ELISA) 
for detection of antibodies to the virus. In direct ELISA, the antigen to be 
tested for is immobilised in a microtitre well after which the sample is added 
to the well. If the sample contains the primary antibody towards the antigen, 
this antibody will be immobilised on the antigen in the well. An enzyme 
attached to a secondary antibody complementary to the primary antibody is 
added and finally, a chemical known as the substrate is added. In the pres-
ence of the enzyme this substrate is converted into a measurable signal such 
as a change of color or the emission of fluorescence. In 2012, the first in-
home oral HIV test on the American market was approved by the Food and 
Drug Administration. In this test the sample (oral fluid potentially containing 
HIV antibodies) is collected using an oral swab; the swab is inserted into a 
test tube and subsequently delivered to a lateral flow test revealing the test 
result within 20 minutes.7 

Biosensors such as ELISA could also be used for the detection of DNA 
targets. Likewise to the bacteria, DNA have to be amplified in order to be 
concentrated enough to be detected. Today, several methods are available for 
achieving a sufficiently high concentration of a DNA target, e.g. polymerase 
chain reaction (PCR) and rolling circle amplification (RCA).8, 9 These ampli-
fication methods are much more rapid (30 to 90 minutes) than the process 
implied by bacterial culturing.8, 10, 11 However, they demand a lot from the 
user. One major difference between PCR and RCA is the end product. In 
PCR, the DNA target sequence is copied so as to generate a multitude of 
identical separate copies. In RCA, the DNA target sequence is also copied; 
however, the end result is in the form of long concatemers, one for each tar-
get molecule. These concatemers spontaneously collapse into coil-like struc-
tures (RCA coils). 

Over the last 20 years, a great deal of research has been performed regard-
ing the use of magnetic beads for biomolecular recognition.12, 13 For exam-
ple, like fluorophores, magnetic beads can be used for the labelling of bio-
molecules.14 Several systems involving probe functionalised detection sur-
faces can be found in the literature. In some systems, the target is first la-
belled by magnetic beads through a bead target recognition sequence, after 
which the bead-target complex is immobilised on the surface. These methods 
are known as surface based, and the read-out could be performed using a 
magnetoresistive sensor acting as the detection surface. In that case, an ap-
plied DC current would magnetise the beads and thus generate a magnetic 
field detected by the sensor.15 Using another magnetic bead labelling ap-
proach, the performance of the much studied lateral flow test has been en-
hanced.16 

Another approach for the use of magnetic beads is to monitor the dynamic 
behaviour of the beads under different circumstances. One volume based 
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method of measuring this dynamic behaviour is the Brownian relaxation 
method. This utilises the characteristic Brownian relaxation time, which is a 
property of an ensemble of magnetic beads. This time is a function of the 
hydrodynamic volume of the individual beads, implying that a change in 
volume will result in a change in relaxation time.11 Several different read-out 
formats can be used for measuring the change in relaxation time, such as a 
superconducting quantum interference device or an AC susceptometer.11, 17 

When reviewing the various requirements set by real-life use situations, it 
is clear that it is not easy to design a biosensor test capable of fulfilling them 
all. For example, the cheap tests tend to be not so sensitive, and the sensitive 
ones tend to be expensive. Some require expensive auxiliary equipment or 
expensive reagents; others are very sensitive to contamination and must thus 
be performed in a sterile environment. However, scientists and inventors are 
continuously working on developing new tests or new combinations of exist-
ing methods and systems; new solutions that are faster, less expensive or 
more sensitive etc. 

In this thesis, three different methods for biomolecular recognition have 
been studied, either based on a new read-out technique or a new combination 
of existing techniques. All three techniques rely on the change in dynamic 
behaviour of probe functionalised magnetic beads after binding to a bio-
molecular target complementary to the probe. 

The first technique presented in papers I-III is volume based and the read-
out method relies on the modulation of light by magnetic beads. The modu-
lation of laser light transmitted through a cuvette containing magnetic beads 
and a sample was investigated. Two types of target were used to test the 
feasibility of the system; biotinylated bovine serum albumin and RCA coils 
originating from Vibrio cholerae (VC) and Escherichia coli targets. 

In the second technique, investigated in paper IV, the read-out technique 
is based on visual inspection of a detection area after it has been subjected to 
magnetic beads, i.e. surface based. In the presence of a target, functionalised 
magnetic beads are blocked and therefore inhibited from immobilising to a 
functionalised sensor area. The target used for testing the system was biotin. 

The third sensor technique is also surface based. A magnetoresistive sen-
sor based on the anisotropic magnetoresistance was used to measure the 
Brownian relaxation of free magnetic beads and beads bound to RCA coils. 
Two types of RCA coils were used, originating from VC and from Bacillus 
globigii spores. 
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2 Materials, methods, theory 

This chapter briefly describes the different materials, devices, methods, 
analysis techniques and theory this thesis is based on. 

2.1 Magnetic materials 
2.1.1 Magnetic beads, introduction 
Magnetic particles and magnetic beads are two general terms used to de-
scribe small amounts of magnetic material, to emphasize the size of the par-
ticle/bead, a prefix such as nano- or micro- can be used.18-24 In this thesis, the 
terms “bead” and “nanoparticle” will be used, where one bead constitutes a 
core of one or several nanoparticles encapsulated in a shell. 

Depending on context, the term “diameter” could have a different mean-
ing. Usually, it is the physical diameter, , that is implied. However, it 
could also refer to the magnetic diameter, , or the hydrodynamic diame-
ter, . In Figure 1, the three different diameters are illustrated. 

 
Figure 1. Bead A is a single-core bead, where  stands for physical diameter and 

 stands for magnetic diameter. Bead B is a multi-core bead and bead C is a mul-
ti-core bead with a functionalised shell, where  stands for hydrodynamic diame-
ter. 

A magnetic bead could either contain a single magnetic core in a magnetic or 
non-magnetic shell, or several nanoparticles bound together in a non-

A B C

DP DH

DM
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magnetic matrix - so-called multi-core - as illustrated in Figure 1.19, 25-28 To 
protect these nanoparticles from oxidation and/or erosion, the magnetic 
beads are usually coated. The coating also serves other purposes, such as 
preventing the beads from agglomeration and as the base for surface func-
tionalisation.19 

There are several different methods of synthesising magnetic particles, 
e.g. co-precipitation,19, 20, 28 thermal decomposition19 and emulsion.19, 20, 28 
The co-precipitation method is economical and versatile, and can be used to 
synthesise large amounts of particles with variable compositions and sizes. 
To synthesise iron oxide particles, for example, a base solution is added to 
an aqueous Fe2+/Fe3+-containing salt solution. Iron oxide complexes are 
formed, from which the particles are precipitated. The disadvantage of co-
precipitation is the poor control over the size and shape of the particles. A 
superior method, with regards to size and shape control, is thermal decompo-
sition (thermolysis). In this method, an organometallic compound in a high-
boiling organic solvent, containing stabilising surfactants, is thermally de-
composed into smaller particles. The choice of organometallic precursors, 
surfactants, solvent, temperature and reaction time determine the size and 
composition of the particles. In the emulsion method (also referred to as 
nanoemulsion or microemulsion depending on the size of the droplets), two 
immiscible liquids are mixed together to create small droplets of one of the 
liquids dispersed in a continuous phase consisting of the other liquid. A sur-
factant is used to stabilise the droplets, although the droplets are still able to 
collide and interact with each other. If two emulsions, carrying droplets with 
different contents, are mixed together, on interaction the droplets will be able 
to react and form precipitates. Finally, these precipitates are extracted from 
the continuous phase. 

The choice of synthesising method is usually a matter of compromise. If 
the need for a uniform size distribution is prioritised, co-precipitation is 
probably not the best choice. For biological application, the carrier liquid of 
the beads should ideally be aqueous, making thermal decomposition a less 
appropriate choice of method. 

All beads used in this thesis are multi-core iron oxide beads; the magnetic 
phase is either maghaemite (γ-Fe2O3) and/or magnetite (Fe3O4). Since mag-
netite can transform into maghaemite over time,29 the phase could be re-
ferred to as Fe3-xO4. Results are presented for magnetic beads with diameters 
ranging from 50 nm up to 10 000 nm. In papers I-III and V, results for beads 
with diameters of 250 nm or smaller are presented, while the results for the 
larger beads are reported in paper IV and Chapter 3.2. All the beads were 
prepared by Micromod Partikeltechnologie GmbH using the co-precipitation 
method, with a magnetite multi-core packing fraction of 75-80% (w/w). 
Beads with ≤ 100 nm had a shell of hydroxyethyl starch, while beads 
with 100 nm < ≤ 250 nm had a shell of dextran. For the larger beads, 
with diameters in the µm-range, the magnetite nanoparticles constituting the 
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core are embedded in a polystyrene matrix with a polymer shell. The nano-
particles making up the core of these beads are 10-20 nm sized crystals, 
which at this size are single domain, i.e. the magnetisation is uniform within 
the nanoparticle. It should be noted, however, that because of the high sur-
face-area-to-volume ratio for these small nanoparticles it is most likely that 
they suffer from disordered surface spins, something that can be exacerbated 
by surface functionalisation.30, 31 This phenomenon is thought to be a result 
of a reduced number of exchange bonds for surface spins and will thus cause 
the magnetic properties of the nanoparticles to deviate from those of the bulk 
material. 

2.1.2 Magnetic beads, dynamic behaviour 
The dynamic behaviour of magnetic beads, in a carrier liquid, is strongly 
correlated to their size. 

Magnetite is a ferrimagnetic material, and sufficiently small ferrimagnetic 
beads exhibit superparamagnetic properties.19 For a uniaxial superparamag-
netic bead, the magnetic moment has two orientations corresponding to en-
ergy minima, i.e. easy magnetisation directions, between which it is easily 
flipped.19 Such a bead will have an immediate response to an applied mag-
netic field and show no hysteresis, i.e. the remanence and coercivity will be 
zero. However, the average time between two flips of the magnetic moment 
increases with decreasing temperature. This has implications for the re-
sponse of an ensemble of magnetic beads to an applied magnetic field. As 
the magnetic field is applied, the proportion of bead magnetic moments 
pointing along the field direction will increase with time. The bead system 
relaxes, as a result of thermal fluctuations, until the field dependent equilib-
rium state is achieved. The so called Néel relaxation time of non-interacting 
superparamagnetic single-core beads is described by the Néel-Arrhenius 
equation,32-34 
 

 = exp , Equation 1 

where  is a characteristic microscopic relaxation time in the order of 10-9 s 
to 10-11 s,11, 35  is the magnetic anisotropy constant,  is the bead magnetic 
volume,  is the Boltzmann constant and  is temperature. 

If  is much shorter than the measurement time, , the bead magnetic 
moment will have time to flip several times during measurement. Hence, for 
zero applied field, the measured magnetisation of the bead system will be 
zero. If, instead,  is much longer than , the bead magnetic moment will 
not have time to flip during measurements. Therefore, the bead magnetic 
moment will appear blocked along one of two easy magnetisation directions. 
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By changing the measurement temperature,  can be shifted. The tempera-
ture at which  is equal to  is called the blocking temperature, .19  is 
a material property also dependent on the shape and size of the bead, using 
Equation 1 it can be expressed as 
 

 = ( ⁄ ). Equation 2 

In a similar fashion, a blocking volume can be expressed as a function of 
temperature. The beads used in this thesis are all thermally blocked at room 
temperature. It should be noted, however, that these beads are of multi-core 
type, implying that dipole-dipole interactions between the nanoparticles 
within the core cannot be neglected. In fact, it is believed that these interac-
tions strongly influence the dynamics of the multi-core magnetic moments, 
resulting in a collective multi-core magnetic state. 

In Néel relaxation, the magnetisation changes direction while the bead it-
self is stationary. However, in Brownian relaxation, the relaxation process 
involves simultaneous movement/rotation of the bead magnetic moment, the 
bead and a thin layer of carrier liquid closest to the bead.34, 36 The Brownian 
relaxation time, , for single- and multi-core beads, can be expressed as 
follows: 
 

 = , Equation 3 

where  is the dynamic viscosity of the carrier liquid, and  is the hydrody-
namic bead volume.36 

If both Néel relaxation and Brownian relaxation are present, the effective 
relaxation time, , is expressed as34, 36 
 

 =   Equation 4 

As can be seen from Equation 4, the shorter of the two relaxation times will 
dominate. In Figure 2, Equation 1 and Equation 3 have been used to plot the 
Néel relaxation time and Brownian relaxation time versus bead diameter. 
The values for , ,  and  were chosen to be as close as possible to those 
of the bead systems referred to in this thesis. 

As can be seen in Figure 2, Néel relaxation dominates for the smaller 
beads and Brownian relaxation dominates for the larger beads. It should be 
noted, however, that these are model based curves valid only for non-
interacting single-core beads, whereas the beads used in this thesis are all 
multi-core. The relaxation times, blocking temperature and blocking volume 
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for multi-core beads cannot be expressed using any of the above mentioned 
equations. However, empirical data for multi-core beads can be used to de-
termine the dominant relaxation process. 

For a multi-core bead, the nanoparticles making up the core determine the 
properties of the bead. In addition to properties already mentioned, the rela-
tive positions of the nanoparticles with regards to each other, their size, 
shape and orientation distribution and the packing fraction within the core 
also contribute to the properties of the bead. 

 
Figure 2. The relaxation times for Néel relaxation and Brownian relaxation are 
plotted as a function of bead diameter (magnetic diameter for Néel relaxation and 
hydrodynamic diameter for Brownian relaxation). The following input was used 

 = 10-10 s,  = 1.5x104 J/m3 and  = 291 K. 

For a weak alternating magnetic field, 

 ( ) = sin(2 ), Equation 5 
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applied to an ensemble of beads, the resulting net magnetisation can be ex-
pressed according to 

 ( ) = sin(2 − ), Equation 6 

where  is time,  is frequency,  is the amplitude of the frequency de-
pendent magnetisation and θ is the phase lag between the magnetisation and 
the excitation field. 

The dynamic response of magnetic beads in liquid to a weak applied al-
ternating magnetic field can be expressed using the complex susceptibility, 

, as 

 = − = | |(cos − sin ), Equation 7 

where  and  are the real (in-phase) and imaginary (out-of-phase) com-
ponents of the complex magnetic susceptibility, respectively. 

Using Debye theory for non-interacting beads identical with regards to 
shape, size and content, in a weak magnetic field,  can be described as37 
 

 ( ) = ( ) = + , Equation 8 

where  is the angular frequency of the applied field, ( ) is the complex 
magnetisation,  is the low field static susceptibility and  is the high 
frequency susceptibility. If divided into its real, ( ), and imaginary, ( ), parts, Equation 8 can be expressed as 
 

 ´( ) = ( ) +  Equation 9 

and 
 

 ´´( ) = ( )( ) , Equation 10 

respectively. 
This complex susceptibility can be measured as a function of frequency 

using an AC susceptometer such as the one described in Chapter 2.5.1. The 
 and  versus -curves mirror the relaxation time/times present in the 

investigated frequency range. Data for the beads used in the papers of this 
thesis show that Brownian relaxation is strongly dominant.38 
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Figure 3. Normalised susceptibility data versus frequency, extracted from the Cole-
Cole model. At high frequencies, ⁄  approaches a constant value, ⁄ , pro-
portional to the total magnetic content of the sample. The following input was used = 300 , = 0.15. 

The  versus -curve has a peak at a specific frequency, the Brownian 
relaxation frequency, , which can be expressed as 

 = (2 ) . Equation 11 

The width of this  peak gives information about the size distribution of the 
beads in the sample. As previously discussed, different bead sizes lead to 
different relaxation times and thus a spread in the relaxation frequencies. 
The peak frequency corresponds to the mean size in the bead ensemble; see 
Figure 3. Different models including bead size distributions can be fitted to 
the frequency dependent AC susceptibility curves to give further information 
about the relaxation time distribution. A simple approach to account for a 
bead size distribution is to make use of the Cole-Cole model.39 In this model, 
the complex susceptibility is expressed as 
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 ( ) − = ( ) , Equation 12 

where  is the Cole-Cole parameter. This parameter, ranging from 0 to 1, is 
a measure of the relaxation time distribution width. As  approaches zero, 
the distribution gets narrower and the relaxation behaviour approaches that 
prescribed by Debye theory. 

2.1.3 Magnetic alloys 
2.1.3.1 Permalloy 
Permalloy refers to a family of ferromagnetic alloys made from mixing nick-
el and iron, and sometimes also other elements.40 It is a so-called soft mag-
netic material, i.e. it is easy to magnetise and demagnetise; the permeability 
is high and the coercivity is low.40 The composition is most commonly 80% 
Ni and 20% Fe and the Ni content is given as a numerical prefix, i.e. 
75 Permalloy means an alloy with 75% Ni and 25% Fe. The properties of 
permalloy could be tailored through the addition of other elements. One ex-
ample is mu-metal (addition of Cu and Mo or Cr), which because of its high 
permeability is used for shielding against static or low-frequency magnetic 
fields. 

2.1.3.2 Permendur 
Permendur is an alloy most often made from equal parts of iron and cobalt. 
Sometimes, also a small amount of vanadium is added to make it less brit-
tle.40 Similar to permalloy, permendur is ferromagnetic and classified as soft, 
but the saturation magnetisation ( ) is higher.  for permalloy has been 
reported to reach about 800 kA/m,40 whereas  for permendur could reach 
up to 2 000 kA/m.41-43 

2.2 Chemistry 
2.2.1 Polymerase chain reaction 
Today, polymerase chain reaction (PCR) is one of the most commonly used 
techniques for enzymatic amplification.8, 10, 44-47 The method was established 
in 1985 and the discovery has been awarded the Nobel Prize in chemistry.8, 

47, 48 In PCR, a target DNA sequence is amplified into a vast number of cop-
ies. The reagents required for this three-step process are the target DNA, 
DNA polymerase, nucleotide building blocks (dNTPs) and two short oligo-
nucleotides known as primers, see Figure 4. First the double-stranded target 
DNA (dsDNA) is denatured, making it single-stranded (ssDNA). Then the 
primers, each of them complementary to a shorter sequence of the target 
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DNA, are let to hybridise, one to each ssDNA molecule. In the third step, the 
DNA polymerase synthesise new DNA strands complementary to the DNA 
target by the use of dNTPs. After the elongation step the original two ssD-
NAs are once again dsDNA molecules. These three steps can be repeated 
until a sufficiently high number of target DNA molecules is reached. For 
each cycle the number of molecules is doubled, making the amplification 
exponential. PCR is a fast and sensitive method, but it has some drawbacks, 
such as the fact that it is challenging for the user and sensitive to contamina-
tion.49 

 
Figure 4. The three steps of PCR. In step 1, the dsDNA is denatured, creating two 
ssDNA molecules. In step 2, primer molecules are hybridised onto the ssDNA mole-
cules. In step 3, the primer molecules are elongated to the same length as the ssDNA 
molecules. 

2.2.2 Rolling circle amplification 
As with PCR, rolling circle amplification (RCA) is a technique used for en-
zymatic amplification. Here, a probe-target complex, with the target consist-
ing of an ssDNA sequence, is amplified. If the target is a nucleic acid, a so 
called padlock probe is used. A padlock probe is a synthetic linear, single-
stranded oligonucleotide with target complementary regions at the 5’ and 3’ 
ends.9, 50-52 When target and padlock probe hybridise to each other, they ar-
range in such a way that the two ends of the padlock probe meet. The two 
ends are then joined through ligation, creating a DNA circle,53 as illustrated 
in Figure 5. For protein targets, proximity ligation assay (PLA) probes are 
used.54-56 A PLA probe is a pair of antibodies equipped with oligonucleo-
tides. When immobilised onto a protein, the two oligonucleotides will be 
close enough to be joined by two additional oligonucleotides; so called con-
nector oligonucleotides, see Figure 6. Subsequently, ligation is used to close 
the gap between oligonucleotides, creating a DNA circle. Through the addi-
tion of DNA polymerase, these DNA circles can be copied using the RCA 
technique.57-61 The result from an RCA (the RCA product) is a long, single-
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stranded concatemer DNA molecule, comprising the complementary se-
quence for the DNA circle involved. The length of the concatemer, which is 
typically in the kilobase range, depends on the RCA time. In solution, the 
concatemer spontaneously collapses, forming a coil like structure. For an 
RCA time of one hour, the diameter of such a coil is approximately one mi-
crometre. 

 
Figure 5. The padlock probe, here depicted in purple, hybridises to the target DNA 
sequence (dark grey). The open ends of the padlock probe are then joined by liga-
tion. The now circular probe acts as a template for the RCA; the RCA product (light 
grey) is a concatemer built from the complementary sequence to the circle. 

 
Figure 6. A pair of antibodies (Y-shaped, grey) equipped with oligonucleotides 
(dark grey) have immobilised on the target protein (turquoise). The connector oli-
gonucleotides (purple) are joined to the oligonucleotides, forcing a circular shape. 
The gaps in the circular shape are closed by ligation, creating a DNA circle that 
acts as a template for the final RCA step. 

2.2.3 Circle-to-circle amplification 
Circle-to-circle amplification (C2CA) is a method of increasing the concen-
tration of the RCA products without having to increase the concentration of 
the original target.62 After the RCA step, the resulting concatemer is cleaved 
into monomers through restriction digestion. These monomers are circular-
ised, ligated and subjected to a second RCA. This series of procedures can 
be repeated a number of times in order to further increase the RCA product 
concentration, see Figure 7. 

+ =
RCA

RCA
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Figure 7. An illustration of the steps involved in a C2CA protocol. The first step is 
an RCA. In the second step, the RCA concatemer is monomerised into its subunits. 
In the third step, each subunit is ligated to form a circle, creating as many new cir-
cles as there were subunits in the first RCA concatemer. The fourth step is a second 
RCA, creating new concatemers. 

2.2.4 Coupling chemistry 
Magnetic beads can be functionalised in order to be able to interact with 
various biological entities. The different protocols used in this thesis for 
functionalisation are all based on the well-described avidin(streptavidin) 
biotin interaction.63-66 In papers I, II, III and V, the beads were functionalised 
to be able to hybridise to RCA coils. Commercially available beads pre-
functionalised with avidin or streptavidin were used. Since both avidin and 
streptavidin have an exceptionally high affinity for biotin, with a  in the 
order of 1015 M-1, the beads could easily be further functionalised with bioti-
nylated DNA.63 For that purpose, ssDNA complementary to the subunit of 
the concatemer coils was used. These so called detection oligonucleotides 
are made up of three parts. In the middle is the DNA sequence specific for, 
and complementary to, the RCA coil. At the 5’ end a biotin molecule is at-
tached, and at the 3’ end a fluorophore. Beads and detection oligonucleotides 
in solution were incubated at room temperature, allowing the avi-
din/streptavidin and the biotin to react. Specific descriptions of the protocols 
used can be found in papers I, II, III and V, or in their respective supporting 
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information. Regardless of protocol, the final result is a magnetic bead-
detection oligonucleotide complex, where the number of oligonucleotides 
per bead varies depending on the protocol. In paper IV, the beads were func-
tionalised with avidin, making it possible for them to pick up free biotin 
molecules from solution as a step in a proof-of-concept study of a surface 
coverage-based biosensor. Commercially available magnetic beads pre-
functionalised with amino groups were used. In a first step, the beads were 
incubated in solution with biotin-NHS, creating a bead-biotin complex. In a 
second incubation step, avidin was added to the bead-biotin solution; see 
Figure 8, creating a bead-biotin-avidin complex. Details of the protocol can 
be found in the supporting information for paper IV. 

 
Figure 8. Amino group functionalised beads are coupled to biotin-NHS. 2. The 
bead-biotin complex is let to react with avidin, creating a bead-biotin-avidin com-
plex. Adapted from paper IV. 

2.3 Microfabrication 
2.3.1 Photolithography and lift-off 
Photolithography is the technique of transferring a pattern from a photomask 
to a photoresist and subsequently to a substrate.67, 68 A photomask is a plate 
with transparencies making up the desired pattern. The substrate is coated 
with a light-sensitive polymer (photoresist) that is referred to as being either 
positive or negative, depending on whether it will be become dissolvable or 
cured, respectively, by light. The mask is placed between the light source 
and the substrate. When light is radiated onto the substrate, the mask blocks 
out certain areas and enables light to pass through to other areas. The poly-
mer covered substrate is then treated with a so-called developer that selec-
tively dissolves the polymer, depending on where it has been illuminated, 
transferring the pattern from the mask to the polymer. 

In lift-off, the polymer layer on the substrate is used as a sacrificial layer, 
meaning that the layer and everything on top of it is removed.68, 69 The poly-
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mer covered substrate is coated with a thin film, preferably using evapora-
tion. Where the polymer on the substrate is open, the thin film will be depos-
ited directly on the substrate. When the polymer layer is removed by dissolv-
ing it in acetone, the thin film on it will also be removed, leaving a substrate 
with a thin film in the same pattern as that created by the mask on the poly-
mer. This could be repeated in sequence, finally creating a patterned multi-
layered thin film structure on the substrate. 

2.3.2 Evaporation 
Evaporation is a technique used for deposition of thin films.68, 70 Inside a 
vacuum chamber, a target material is heated above its melting- or sublima-
tion temperature. The vapour is then allowed to condense onto the colder 
substrate, resulting in a thin film. The two commonly used sources of heat 
for the evaporation of the target material are the filament source (resistive 
evaporation) and the electron beam (e-beam evaporation) source. In resistive 
evaporation, there are two methods of evaporating a material. One method is 
to place the material in a refractory metal boat - named after its shape - 
which is resistively heated. The other method is to use the material as a fila-
ment, which is electrically heated. Not all materials can be evaporated resis-
tively. Even though the boat is made out of tungsten, it still sets an upper 
limit (~1 400°C) with regards to temperature.68 For the deposition of materi-
als requiring higher temperatures, e-beam evaporation can be used. The e-
beam is swept over the target material, generating a vapour. E-beam evapo-
ration is considered a fast deposition technique, about ten times as fast as the 
deposition rate for sputtering.68 

In the rare cases where two materials in a target alloy have a similar va-
pour pressure, evaporation of alloys can be performed using the conventional 
method. For deposition of other alloys, a technique using two separate e-
beams and target materials can be used. 

In evaporation, the substrate is placed hanging from the chamber ceiling 
and the container for the source material is placed at the bottom of the 
chamber. When the vapour rises, it collides with the substrate at approxi-
mately a straight angle, resulting in poor step coverage. Furthermore, the 
source atoms stick rather rapidly as they collide with the substrate, leaving 
little room for them to move around, which is an ideal situation for a lift-off 
process, see Figure 9. 

The directions of evaporated atoms can cause shadow effects on the sub-
strate. This can be mitigated by using a rotating substrate holder. But it can 
also be used to create features smaller than the minimum lithographic resolu-
tion.68 
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Figure 9. Schematic illustration of a step in a lift-off process. The substrate has been 
covered with a patterned polymer layer. The evaporated thin film (yellow) has poor 
step coverage (exaggerated), leaving an unprotected polymer surface for the ace-
tone (indicated by the black arrow). 

2.3.3 Sputtering 
Sputtering is a technique used for deposition of thin films.68, 71 Atoms from 
the source material are knocked out as it is bombarded with high energetic 
ions (usually Ar+). 

If sufficiently high-energy plasma can be generated almost any material 
can be sputtered. Nowadays, the most common method to generate the plas-
ma is by the use of a magnetron. In a magnetron, an arrangement of perma-
nent magnets is located under/above the target. The generated magnetic field 
acts as an electron trap, increasing the probability of ionization of the gas 
within this trap. 

Under the right circumstances, the sputtered atoms land on a substrate and 
reassemble into a thin film. In comparison to evaporated atoms, sputtered 
atoms are highly energetic; they are quite mobile and can even knock out 
already deposited atoms. Also, they do not retain their original directionality 
for longer than approximately their mean free path (~1 cm in ~10 mtorr).68 
Because of this, a sputtered thin film displays uniform step coverage, see 
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Figure 10. This is important when creating insulating layers, but undesirable 
when the deposition is part of a lift-off process. 

 
Figure 10. Schematic illustration of a step in a lift-off process. The substrate has 
been covered with a patterned polymer layer. The sputtered thin film (yellow) has 
uniform step coverage (exaggerated), protecting the polymer surface from the ace-
tone (indicated by the black arrow). 

A great advantage with sputtering as compared to evaporation is the possibil-
ity of depositing alloys and dielectrics using only one source. 

2.4 Electronic noise 
In this thesis, “noise” refers to random fluctuations in the voltage, current 
and/or conductivity in an electronic device.72 There are several types of 
noise, each one with a different origin and frequency dependence.73, 74 In 
some cases, the power density spectrum is named according to the colours of 
visible light with an apparently corresponding power spectrum.74 Thermal 
noise, for example, is often called white noise because of its flat spectrum, 
even though the spectrum of white light is not flat, while 1/f-noise is called 
pink noise because of higher spectral values at lower frequencies. In meas-
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urements performed in paper VI and VII, white and pink noise are dominant 
and will therefore be described in more detail. 

2.4.1 White noise 
White noise, sometimes referred to as thermal or Johnson-Nyquist noise, 
originates from the random motion of charge carriers in a conductor.74 This 
noise is in principle frequency independent, meaning that the power spectral 
density ( ) is constant for all frequencies. The voltage noise  for 
white noise follows the Johnson-Nyquist equation, 

 = 4 , Equation 13 

where  is the Boltzmann constant,  is temperature and  is resistance.75 

2.4.2 Pink noise 
Pink noise, or 1/f-noise, is inversely proportional to frequency.73, 76 The 
origin of this noise could be electric or magnetic.77-79 The voltage noise  
of pink noise, originating from conductance fluctuations in a sample with 
homogeneous material and current density, can be described by the Hooge 
equation, 

 = ( ) , Equation 14 

where  is the voltage,  is the empirical Hooge parameter and  is the 
number of charge carriers.80 

2.5 Analysis techniques 
2.5.1 AC susceptometry 
Dynamic complex magnetisation can be measured using an AC susceptome-
ter. The AC susceptometer used in this thesis is the commercially available 
DynoMag®, from Acreo Swedish ICT AB, Sweden. The system is based on 
an induction technique utilising two coil systems with a centrally positioned 
sample holder, see Figure 11. 

The outer coil system, i.e. the excitation coil, is connected to an AC-
source. The AC source feeds a time-dependent sinusoidal current through the 
coil, which then produces a time-dependent excitation field. The inner coil 
system, i.e. the detection coils, picks up the signal from the sample and sends 
it to a lock-in-amplifier. A magnetic sample placed in either the upper or  
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Figure 11. A schematic illustration of the cross-section of the excitation coil and 
detection coil arrangement in a DynoMag®. 

lower detection coil will change the inductance of that coil when the excita-
tion field is turned on. The difference in magnetic flux ( − ) between 
the coil with the sample and the empty coil is picked up and translated into a 
voltage, according to 
  ∆ = ( − ), Equation 15 

where  is the number of turns in the two detection coils. Equation 15 can 
also be expressed as 
  ∆ = ( + − ) = , Equation 16 

where  is the permeability of free space,  is the area of the cross section 
of the detection coils,  is a magnetic coupling factor depending on the 
geometry and dimensions of the sample compared to the detection coil sys-
tem dimension,  is the magnetic field from the excitation coil system and 

 is the magnetisation of the sample. 
From the complex magnetisation, the real and imaginary parts of the 

complex susceptibility can be calculated using Equation 8, Equation 9 and 
Equation 10. These are plotted versus the frequency of the applied AC mag-
netic field, generating curves such as those in Figure 3. 

Detection coils

Excitation coil
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2.5.2 Dynamic light scattering 
Dynamic light scattering (DLS) is a technique used for determining the hy-
drodynamic volume of beads in solution.81 The intensity of the scattered 
light from a laser beam aimed at a sample containing beads in solution is 
measured as a function of time. Due to the Brownian motion of the beads, 
the intensity will fluctuate. Beads with different sizes will move at different 
velocities and thus affect the intensity fluctuation in different ways. Bead 
size and the velocity of the Brownian motion are related through the Stokes-
Einstein equation, 
  = , Equation 17 

where  is the diffusion constant. From the equation it is evident that small 
beads will move at a higher velocity than large ones. Because of this, smaller 
beads will cause the intensity to fluctuate faster. Due to the motion of the 
beads, the intensity pattern from a DLS measurement changes over time. 
Two intensity patterns measured within a short period of time will be quite 
similar, while two patterns measured at a long time interval will be less like 
each other. The DLS equipment includes a so-called correlator that compares 
intensity patterns taken at different times. From this, the correlator can de-
termine how fast the intensity pattern changes and thus how fast the beads 
were moving. This gives information about the diffusion constant which is 
related to the hydrodynamic diameter according to Equation 17. The infor-
mation from the correlator can also be used to estimate the distribution of 
bead sizes in the sample. 

2.5.3 Optical spectrophotometry 
Optical spectrophotometry measures how a sample, such as a protein solu-
tion, interacts with light; ultraviolet, visible and/or infrared.82 In this thesis, 
the equipment used for optical spectrophotometry was a Lambda 900 (L900) 
from PerkinElmer Inc. The L900 uses a deuterium lamp to emit radiation in 
the ultraviolet range and a halogen lamp to emit radiation in the visible or 
near infrared range. The light beam is passed through an optically transpar-
ent quartz cuvette containing the sample and the transmitted light is meas-
ured. The wavelength specific absorbance ( ) can then be calculated ac-
cording to 
  = − , Equation 18 
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where  is the intensity of the transmitted radiation and  is the intensity of 
the incident radiation. Above 275 nm, the absorbance of a protein depends 
on the presence of only three amino acids.83 In paper IV, the wavelength 
employed was 280 nm. At this wavelength, the molar absorption coefficient, 
, and concentration, , of most proteins are directly proportional to the ab-

sorbance, , following the Beer-Lambert law,83-85 

 = , Equation 19 

where  is the path length, i.e. the distance the light travels in the sample. To 
eliminate  and  from the equation, the absorbance for a reference sample 
with a known concentration of the same protein (i.e. identical  and ) as the 
sample is measured. The absorbance of the unknown sample is then meas-
ured and the concentration is calculated in relation to the reference sample. 

2.6 Magnetic biosensors 
2.6.1 Bead-relaxation based biosensors 
The relaxation process for beads can be used as the basis of a biosensor sys-
tem.11, 54, 86 The magnetic response of beads in a carrier liquid to an applied 
AC magnetic field depends on the bead dimensions. For beads with blocked 
magnetic moment, Brownian relaxation is dominant. The Brownian relaxa-
tion frequency, , depends on the hydrodynamic volume of the bead. By 
increasing the hydrodynamic volume of the bead,  will decrease. Func-
tionalisation of a bead, for example with detection oligonucleotides, enables 
it to hybridise to one or several DNA targets in a sample, and thereby in-
crease its hydrodynamic volume. This volume increase will only occur if the 
sample contains the target, i.e. if the sample is positive. A negative sample 
will not contain any target molecules, and  will thus be unaffected. 

By measuring the complex susceptibility versus the frequency of the ap-
plied AC magnetic field, the value of  can be determined, gaining infor-
mation about the sample. For a surplus of beads with respect to the number 
of target molecules in the sample, a quantitative estimate of the number of 
target molecules can be made. In such a case, not all of the beads will have 
their hydrodynamic volume increased, resulting in two -peaks in the sus-
ceptibility spectrum; one low-frequency peak corresponding to beads hybrid-
ised to target molecules, and one high-frequency peak for free beads. The 
amplitude of the peaks indicates the number of beads hybridised and free, 
respectively. 

However, beads hybridised to small target molecules will exhibit only a 
slight increase in hydrodynamic volume, resulting in a minor decrease of the 

. In this case, the free bead peak and the hybridised bead peak might over-
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lap, making it hard to distinguish the two from each other. This problem can 
be mitigated by combining the bead relaxation-based biosensor with the 
RCA strategy presented in Chapter 2.2.2. The beads are then immobilised in 
large coils of target DNA, making them less able to move with the pace of 
the AC field. In this case, a positive sample will be detected as a decrease in 
the free bead peak height, and depending on the measurement technique, 
possibly also by the appearance of a hybridised bead peak at a lower . The 
decrease of the free bead peak, and appearance of the hybridised bead peak, 
if any, is proportional to the number of DNA-coils in the sample, making the 
detection principle both qualitative and quantitative. 

2.6.2 Optomagnetic biosensors 
The terms magneto-optical or optomagnetic are used to indicate a connection 
between magnetism and light. Two well-known magneto-optical effects are 
the Kerr effect and the Faraday effect, which are both the result of an aniso-
tropic permittivity of a material.87-93 In the magneto-optical Kerr effect, a 
change in the properties of light reflected by a magnetic surface can be ob-
served; both the polarisation of the light as well as the intensity can be ef-
fected. This effect can be probed using a Kerr microscope.94 The Faraday 
effect describes a relationship between light and magnetism, in which the 
polarisation plane of light transmitted through a magnetic insulating material 
is rotated in proportion to the sample thickness and magnitude of the mag-
netic flux density in the direction of propagation.89 Studies have shown that 
these effects can be used to probe the relaxation behaviour of magnetic 
beads.95-98 

However, these kinds of magneto-optical effects have some limitations; 
the magnitude of these effects is rather low, which call, for example, for a 
high effective magnetic moment for an ensemble of beads. For this reason, 
an alternative approach has been proposed for magnetic influence on the 
propagation of light.99-101 This new approach is partly based on the well-
known latex agglutination test (LAT). In a traditional LAT, the read-out 
method relies on the formation of clusters of functionalised beads.102, 103 Sev-
eral different optical techniques can be used to detect the cluster formation in 
the traditional LATs, e.g. turbidimetry, nephelometry and DLS.104 A limiting 
factor for LATs is time; the functionalised beads need time to interact with 
the target molecules and with each other. Also, the limit of detection (LOD) 
for the traditional LATs is only in the order of 1 nM, leaving room for im-
provements.101, 105, 106 One way of lowering the LOD would be to decrease 
the number of target molecules and the number of beads in the same ratio, 
although this would result in the time taken for the test being even longer. 
By using magnetic beads, it is possible to speed up the interaction time and 
thereby achieve a similar reaction time using fewer beads.101 
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In papers I, II and III, the read-out method relies on the ability of light 
modulation by magnetic beads. This modulation can be caused by the rota-
tion of individual beads depicting shape anisotropy and/or formation and 
disruption of chains of magnetic beads. When applying a weak magnetic 
field, the dipolar interactions of the beads will increase, resulting in the for-
mation of chain like superstructures where the maximal possible length of a 
chain is governed by a balance between forces.34, 107, 108 When the applied 
field is zero, the chains will rupture due to the random Brownian motion of 
the beads. For an alternating field, like that in Equation 5, these chains will 
form and rupture twice for every field cycle. 

In an ideal case, single magnetic beads exhibit no shape anisotropy, this 
possible contribution to the light modulation will therefore henceforth be 
omitted. However, by the formation of chains, shape anisotropy is intro-
duced, i.e. magnetic beads in a chain formation could be envisioned as cyl-
inders or spheroids with respect to light transmission.100, 109 As opposed to 
randomly distributed ideally spherical single beads, chains of beads in an 
alternating magnetic field will be able to modulate optically scattered light.99 
In the optomagnetic setup used in papers I, II and III, a magnetic bead con-
taining sample is located in the optical path of a laser aimed at a photodetec-
tor. The sample is subjected to an alternating magnetic field generated by a 
pair of electromagnets. For such a setup, the modulation of the transmitted 
light is found in the complex second harmonic voltage output from the pho-
todetector, 

 = + , Equation 20 

where  and  are the in- and out-of-phase signal respectively. The modu-
lation is measured using a lock-in amplifier with the frequency of the AC 
magnetic field as reference. It could be assumed that the photodetector signal 
can be described as 

 ( ) = + sin (2 − ), Equation 21 

where  represents the un-modulated part of the transmitted light and  is 
the amplitude of the frequency dependent signal modulation. It could also be 
assumed that  follows the frequency dependence of , but twice as fast, 
since the magnetic bead ensemble responds equally to a positive and nega-
tive applied field.  can thus be expressed as 

 ( ) = (0)| | , Equation 22 

where (0) is the amplitude for → 0 and = ⁄ . By following pre-
viously reported procedures,110 when combined these equations generated 
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the following expression for the two parts of the complex second harmonic 
photodetector signal measured using a lock-in amplifier, 
  = − √ (0)  Equation 23 

and 
  = − √ (0) ( ) − ( )  Equation 24 

respectively. 
The two possible configurations with regards to the propagation direction 

of the laser light and magnetic field direction are depicted in Figure 12. In 
Figure 12 a), the light propagation direction and magnetic field direction is 
in parallel, whereas in Figure 12 b), the two directions are perpendicular to 
each other. In the coordinate system in the lower right corner of Figure 12 
the definition of the polarisation angle, , in the xy-plane is illustrated. 

 
Figure 12. Two configurations with regards to field orientation compared to the 
laser path. In a), the magnetic field is parallel to the laser path. In b) the field is 
perpendicular to the laser path. The definition of the polarisation angle in the xy-
plane can be seen in the lower right corner. Adapted from paper I. 

Depending on the size of the beads, the configuration and polarisation angle 
used in a measurement, the sign of  will be positive or negative. When 
the light propagation direction is in parallel to the magnetic field direction, 
the geometrical cross-section will be reduced by the formation of chains, 
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indicating a positive . This will also be true for when the light propaga-
tion direction and the magnetic field direction are perpendicular to each oth-
er, but only if the polarisation angle is 90°. In such a case, the chains will be 
oriented perpendicular to the light polarisation and thus interact minimally. 
However, for a perpendicular configuration with a polarisation angle of 0°, 
the chains will be oriented along the polarisation direction and therefore 
interact maximally, resulting in a negative . The above stated relationship 
between the sign of  and the configuration and polarisation is valid for 
beads with a diameter less than approximately 130 nm (for a laser with 

 = 405 nm). For beads with larger diameters, a change in the sign of  has 
been experimentally observed. 

As can be seen from Equation 23 and Equation 24, the in-phase photode-
tector signal, , is proportional to the product of the in- and out-of phase 
components of the complex susceptibility, whereas the out-of-phase photo-
detector signal, , is proportional to the difference between the in- and out-
of-phase components squared. In panel A of Figure 13, the normalised in- 
and out-of-phase components of the complex magnetic susceptibility, ex-
tracted from the Cole-Cole model, are plotted versus frequency. In panel B 
of Figure 13, normalised  and ( ) − ( ) , have been plotted versus 
frequency to illustrate the shape of the two photodetector signals. The input 
susceptibilities,  and , are those displayed in panel A. 

As can be seen in panel B of Figure 13, the in-phase signal from the pho-
todetector approaches zero for high enough frequencies whereas the out-of-
phase signal approaches a very small value proportional to . In this fre-
quency range the chains will not have time to form, resulting in no modula-
tion of the signal. The peak in the in-phase signal corresponding to the 
Brownian relaxation peak found in the out-of-phase susceptibility plot in 
panel A of Figure 13 is slightly shifted towards lower frequencies. The posi-
tion of this peak is a characteristic property for the bead ensemble. In analo-
gy with susceptibility measurements, one part of the photodetector signal 
reaches zero at low enough frequencies. The other part reaches a maximum 
or minimum depending on configuration and polarisation direction. The 
interpretation of this is that at low enough frequencies, the entire transmitted 
light modulation is in phase with the applied AC field. 

However, in an actual measurement, the out-of-phase component of the 
photodetector signal will behave somewhat differently. It will reach a maxi-
mum/minimum at intermediate to low frequencies, after which it will de-
crease in amplitude and approach a plateau value for the lowest frequencies, 
a phenomenon not accounted for by theory. 
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Figure 13. In panel A, normalised susceptibility data extracted from the Cole-Cole 
model is plotted versus frequency. The following input was used; = 300 , =0.15. In panel B, the product and difference of the normalised susceptibility data are 
plotted versus frequency. The shape of the curve for the product represents the in-
phase signal from the photodetector, whereas the shape of the curve for the differ-
ence represents the out-of-phase signal from the photodetector. 

Another method of visualising the photodetector signal is to look at the 
phase angle, , which is defined as 

 = 2 = arctan( ⁄ ), Equation 25 
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where  gives information about the phase lag between the magnetisation 
and the excitation field. 

2.6.3 Surface coverage based biosensors 
Several different methods for detection of biomolecules using functionalised 
surfaces and functionalised magnetic beads can be found in the literature.111, 

112 The read-out methods are numerous; for example visual inspection,113, 114 
SQUID detection,115, 116 magnetoresistive sensors,15, 117-120 fluorescence de-
tection,121-123 or detection by the use of surface plasmon resonance.124, 125 

In paper IV, the sensor principle is based on visual detection of beads 
immobilised on a detection area. One advantage with this system is indeed 
the detection method, since visual detection is an inexpensive and simple 
method requiring, in this case, only a low-magnification optical microscope. 
Another advantage is the labelling of biomolecules using magnetic beads,126 
for example since chemical labelling is known to be able to alter the surface 
characteristics of the biomolecule.127 In paper IV, the beads and the detection 
area are functionalised with capture molecules. The primary capture mole-
cules on the beads can immobilise target molecules from a liquid sample, 
and the secondary capture molecules on the detection area can immobilise 
the beads by binding to the primary capture molecules. Nevertheless, the 
detection area can only immobilise the beads if the primary capture mole-
cules are free to react, i.e. not covered by immobilised target molecules. The 
surface coverage of beads immobilised on the detection area is analysed 
using an image processing program. A low surface coverage indicates a 
positive sample, whereas a high surface coverage indicates a negative sam-
ple. 

The beads used in this system are magnetic, and so is the means of trans-
porting them to the detection area.128, 129 A patterned magnetic thin film 
where the pattern consists of rows of ellipses, exposed to an in-plane rotating 
magnetic field, is used for the transport of the beads. Due to shape anisotro-
py, the direction of the long axis of an ellipse will correspond to the easy 
direction, and the direction of the short axis will be the hard direction. This 
means that a weaker field can be used to magnetise the ellipses along the 
long axis as compared to along the short axis. The movement of the beads is 
governed by stray fields emanating from the magnetised ellipses. An ellipse 
magnetised to saturation along its long axis will become single-domain, 
making the short ends attractive to beads. The ellipse pattern is designed so 
that ellipses in one row are oriented by 90° compared to the ellipses in the 
neighbouring row; see Figure 14. If the magnetic field is parallel along one 
of the long axis directions, and is strong enough to magnetise the ellipses of 
this orientation to saturation, but weak enough not to also saturate the ellip-
ses oriented at 90° with regards to that field, every other row of ellipses will 
be able to attract beads. By rotating the applied field, the attractive forces 
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from one row of ellipses, with regards to orientation, will move to the next 
row. By continuing the rotation, the first row will again be the attractive one, 
and so on. This will force the beads to move from one row of ellipses to the 
next, sequentially, following the rotation of the applied field. 

 
Figure 14. An SEM image of one transport line of magnetic thin film ellipses com-
prising two rows of ellipses. One ellipse is rotated 90° compared to its nearest 
neighbours. 

Magnetic transport presents an advantage compared to traditional fluidic 
assisted transport, where beads are simply carried by a moving liquid.130 
When using a magnetic transport system, the direction of flow of the liquid 
can be chosen arbitrarily. In paper IV, it has been chosen to be opposite to 
the direction of magnetic transport. Hence, the beads are rinsed of any non-
specifically bound molecules while being transported. The magnetic ellipses 
described in paper IV were made from permalloy, and the four electromag-
nets used for generating the rotating field was arranged according to Figure 
15. 

The strength of the applied field, the properties of the ellipse material and 
the dimensions of the ellipses limit the dimensions of the biosensor. The 
generated field should ideally be homogenous over the entire sensor area. In 
the setup described in paper IV, a magnetic flux density of 25 mT was used. 
The ellipses were 75 nm in thickness with a long axis of 10 µm and a short 
axis of 3.3 µm. The biosensor area was 5 mm by 5 mm, and it was observed 
that the applied field was not sufficiently homogenous over the entire sensor 
area. A possible way of improving the setup would be to change the ellipse 
material from permalloy to permendur. Since permendur has a saturation 
magnetisation almost 2.5 times that of permalloy,41-43 the ellipses would 
respond more efficiently to the applied field. As a result, the sensor area 
could be increased in size and thereby include additional detection areas. 
Also, by changing the ellipse material, the beads would be able to withstand 
a higher velocity of the rinsing counter-flow. 
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Figure 15. Schematic illustration of the arrangement of four electromagnets around 
a sensor area. Each pair of opposing coils carries a sinusoidal current. A phase lag 
of 90° between the two pairs yields a constant magnitude rotating field. 

2.6.4 Magnetoresistive biosensors 
The biosensor presented in paper V, VI and VII is based on the planar Hall 
effect (PHE), which in turn is based on the magnetoresistance effect.110, 131-134 
Historically, the magnetoresistive effect has been used as the basis for a va-
riety of different sensor types, with applications in areas of science and tech-
nology ranging from space missions to biotechnology.12, 134-141 The magneto-
resistive effect is divided into subgroups depending on the underlying physi-
cal phenomenon. One example is the giant magnetoresistance (GMR) effect, 
which is based on the spin dependent scattering asymmetry of electrons 
crossing between ferromagnetic and nonmagnetic metallic layers in a multi-
layer structure.141-143 Another example is the tunnelling magnetoresistance 
(TMR) effect, which is a quantum mechanical effect occurring when elec-
trons tunnel between two ferromagnets separated by a thin insulating 
layer.144, 145 The PHE is based on a third effect known as anisotropic magne-
toresistance (AMR). The origin of the AMR effect is a change in resistance 
in a ferromagnetic material depending on whether the magnetisation of the 
material is parallel or transverse to the direction of the current flow.134 
Hence, the AMR effect requires only one single layer. 

Sensor area
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One important property of a biosensor is detectivity, i.e. the smallest de-
tectable magnetic field at one specific frequency. The detectivity depends on 
the sensitivity and noise level of the sensor. For low frequencies, AMR 
based sensors have been reported to exhibit improved magnetic field detec-
tivity compared to sensors based on the GMR or TMR effects.135 

 
Figure 16. a) Schematic illustration of a Wheatstone bridge-shaped PHE sensor. b) 
A sensor similarly designed to that in a) but with meander like bridge elements. c) 
Illustration of the orientation of one bridge element with regards to the direction of 
the current and the exchange pinning. Adapted from paper VI. 

The traditional shape of a PHE sensor is a four-legged cross, but by chang-
ing the geometry to that of a Wheatstone bridge - see Figure 16 - it is possi-
ble to considerably increase the output voltage.132 As with an AC suscep-
tometer, the Wheatstone bridge shaped PHE (PHEB) sensors in papers V, VI 
and VII could be used to measure the complex susceptibility of superpara-
magnetic beads. The thin film structure of these sensors was, from bottom to 
top: substrate / Ta(5 nm) / Ni80Fe20(30 nm) / Mn100-xIrx(20 nm) / Ta(5 nm), 
with x ranging from 20 to 24. The source of the AMR effect is the ferromag-
netic NiFe layer. During fabrication, this layer is exchange pinned by the 
antiferromagnetic layer MnIr, making its magnetization unidirectional along 
the positive x-direction as indicated in Figure 16 (c). A bias current, , is run 
through the sensor using one opposing pair of legs (x-direction), and the 
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sensor output voltage, , is measured across the other pair (y-direction). In 
zero applied magnetic field, the output voltage will, ideally, be zero, never-
theless, when exposed to a weak magnetic field, , perpendicular to the 
pinning direction, the magnetisation of the ferromagnetic layer will rotate, 
resulting in a non-zero output voltage.133 For a sensor design with bridge 
elements at ±45° with respect to the pinning direction,  can be described 
by 

 = ∆ sin(2 ) 2⁄ , Equation 26 

where ⁄  is a geometric amplification factor for a sensor with  bridge 
elements, Figure 16 (b), each with width  and length . ∆ = ∥ −  is 
the difference in resistivity for a magnetisation parallel and perpendicular to 
.132  is the angle between the magnetisation and the pinning direction and 

 is the thickness of the ferromagnetic layer. 
For a low applied magnetic field, the sensitivity, , can be approximated 

by 

 = ⁄ . Equation 27 

If an ensemble of magnetic beads is near the sensor surface, it will be mag-
netised by the magnetic field generated by the bias current so that it disturbs 
the sensor output. By applying an alternating bias current, the complex mag-
netic susceptibility, , of an ensemble of magnetic beads can be probed. 
Using Equation 26 and the fact that the magnetic field acting on the sensor is 
directly proportional to the AC bias current, yielding an alternating variation 
of the magnetization direction in the permalloy layer, it can be deduced that 
the sensor output is proportional to . This voltage signal can thus be meas-
ured at twice the frequency of the alternating bias current, which can be writ-
ten as = + . These two parts are described by the following equa-
tions133, 146 

  = −  Equation 28 

and 
  = − ( + ), Equation 29 

where  is the amplitude of the alternating bias current. Furthermore,  is 
a constant relating the magnetic field of the beads to the sensor signal. It 
depends on the sensor geometry and the amount and geometric distribution 
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of the magnetic beads. Finally,  is a constant depending on the sensor 
stack and geometry.147 As can be seen from Equation 28 and Equation 29, 
the in-phase signal is proportional to the out-of-phase susceptibility, and the 
out-of-phase signal is linearly related to the in-phase susceptibility. 
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3 Results and discussion 

3.1 The optomagnetic system 
3.1.1 Controlled agglutination and detection of DNA coils 
In paper I, an optomagnetic biosensor such as the one described in Chapter 
2.6.2, was used to detect firstly the presence of biotinylated bovine serum 
albumin (bBSA), and secondly the presence of RCA coils formed from a 
Vibrio cholerae (VC) DNA target. The method of detection relies on the 
shift in relaxation frequency for beads immobilised to coils or otherwise 
agglutinated, as described in Chapter 2.6.1. The protocol for formation of 
RCA coils from the VC target is described in detail in the supporting infor-
mation for paper I. In this work, magnetic beads of several different sizes 
were used. Beads with diameters of 130 nm and 250 nm had a shell of dex-
tran and beads with diameters of 50 nm, 80 nm and 100 nm had a shell of 
starch. The shells were further functionalised according to the protocol in the 
supporting information for paper I. The measurement setup consisted of a 
laser source and a photodetector on opposite sides of an optically transparent 
cuvette. A sinusoidal uniaxial magnetic field was generated by two electro-
magnets, positioned on each side of the cuvette, illustrated in Figure 17. 

 
Figure 17. The optomagnetic measurement setup. 

The position of the electromagnets can be changed with respect to the cu-
vette so that the magnetic field can be applied either parallel or perpendicu-
lar to the laser path, as illustrated in Figure 12. 
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The two components of the complex second harmonic output voltage 
from the photodetector were measured using a lock-in analyser with the fre-
quency of the applied AC magnetic field as a reference. The formation and 
disruption of chainlike aggregates of magnetic beads oriented with the ap-
plied AC field will modulate the transmitted light, and beads immobilised to 
RCA coils will modulate the light in a different manner compared to free 
beads. For the magnetic field and light path in parallel, the transmitted light 
will reach a maximum when the magnetic field is at its largest. The reason 
for this is that the geometrical scattering cross-section of the suspension to 
the incoming light is reduced when beads form chains oriented along the 
light path. For perpendicular magnetic field direction and light path and = 0°, the opposite is valid, i.e., the transmittance reaches a minimum when 
the magnetic field is at its largest. In this case, the bead chains will be orient-
ed along the light polarisation, and the light will interact more strongly with 
the beads compared to randomly distributed beads. Figure 18 presents the 
normalised in-phase component of the second harmonic voltage output for 
detection of bBSA using streptavidin coated magnetic beads. The magnetic 
field was applied perpendicular to the light path, with = 0°, 80 nm beads 
with a concentration of 50 µg/ml and an AC magnetic field amplitude of 
2 mT was used. One bBSA has the ability to bind several streptavidin mole-
cules, forming cross-links between the magnetic beads and resulting in ag-
glutination of beads. 

 
Figure 18. The normalised in-phase component of versus frequency for streptavi-
din coated beads at a concentration of 50µg/ml. The different curves correspond to 
samples incubated with bBSA in varying concentrations, according to the legend. 
The 2 mT magnetic field was oriented perpendicular to the light path with = 0°. 
Adapted from paper I. 
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As can be seen from Figure 18, the amplitude, width and frequency for the 
characteristic in-phase peak shows a strong correlation to the concentration 
of bBSA. For the lowest concentrations, the peak is similar to the negative 
control peak (0 pM). But with increasing bBSA concentration, the agglutina-
tion of beads increases, i.e. the number and individual sizes of aggregates 
increases, resulting in a lowering of the Brownian relaxation frequency. 
From the broadening of the peak, the conclusion can be drawn that the size 
distribution of aggregates also increases upon increasing bBSA concentra-
tion. 

Figure 19 presents the results for detecting RCA coils from VC targets. 
Oligonucleotide functionalised 100 nm beads of two concentrations, 
50 µg/ml and 100 µg/ml, were tested, along with VC coil concentrations 
ranging from 0 to 1 nM and an unspecific negative control (uNC) consisting 
of 5 nM coils generated by an Escherichia coli (EC) target. The error bars 
represents standard deviations between triplicate measurements. 

As can be seen from panels a and b of Figure 19, the result for uNC and 
NC coincides, indicating no unspecific interaction between the beads and EC 
coils. Up to a certain concentration of VC coils (100 pM), the amplitude of 
the peak decreases with increasing VC coil concentration. This is explained 
by the fact that the number of free beads contributing to this peak is de-
creased. For coil concentrations of 250 pM and up, the amplitude of the peak 
instead increases, but it is also strongly shifted towards lower frequencies. 
This low-frequency peak visualise beads hybridised to coils, which will have 
a much slower dynamic behaviour and thus a lower . For lower coil con-
centrations (5-10 pM), a slight shift towards higher frequencies with increas-
ing coil concentration is also noted. This is believed to be caused by a deple-
tion of the larger beads, which might hybridise to coils more easily.148 By 
plotting the value of the peak at 170 Hz versus coil concentration, a dose-
response curve is generated, see panel c of Figure 19. The two concentra-
tions of beads are indicated using squares for 50 µg/ml and circles for 
100 µg/ml. The error bars represents standard deviations for triplicate meas-
urements, and the dotted lines indicates the LOD, calculated as the value for 
the NC plus three standard deviations. As can be seen, a LOD of 10 pM can 
be reached for both concentrations, although the result for 100 µg/ml looks 
more promising. In panel d of Figure 19, a comparison between the opto-
magnetic sensor (left), and the Dynomag® (right) is presented, where the 
plots shows the corresponding amplitudes of the free-bead relaxation peak at 
different coil concentrations. As can be seen, the sensitivity and standard 
deviations among triplicates are similar between the two systems. There are 
some advantages with the optomagnetic system, compared to the Dynomag®, 
e.g. measurement time, sensitivity in the low-frequency regime and cost. 
Where the Dynomag® needs a sample volume of 200 µl and 30 minutes’ 
measurement time, the optomagnetic system only requires 60 µl and 3 
minutes. 
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Figure 19. The normalised a) in-phase and b) out-of-phase components of  versus 
frequency for 100 nm beads at a concentration of 100 µg/ml incubated with VC coils 
in the different concentrations given by the legend. uNC is an unspecific negative 
control consisting of 5 nM EC coils. The 2 mT magnetic field was oriented perpen-
dicular to the light path with = 0°. Standard deviations for triplicate measure-
ments are indicated with error bars. c) Dose-response curves using the peak value 
of  at 170 Hz versus coil concentration for two concentrations of beads, 50 µg/ml 
and 100 µg/ml. The error bars show the variation over three different measurements 
and the dotted lines indicate LOD. d) Comparison between the optomagnetic system 
and a commercial Dynomag® system, both used for quantification of VC coils in 
different concentrations, using 100 nm beads. Adapted from paper I. 

3.1.2 Optimising the system 
In paper II, an optomagnetic biosensor, such as the one described in Chapter 
2.6.2, was optimised with regards to sensitivity and standard deviations 
among triplicate measurements. RCA coils formed from a VC DNA target 
were used as analyte for this study. The setup was arranged as depicted in 
Figure 20, i.e. with the direction of the laser light perpendicular to the direc-
tion of the magnetic field, and with a polarisation angle of 0°. For details see 
the supplementary material for paper II. 

In order to find the optimal settings for this optomagnetic setup, several 
different parameters were considered. Two read-out methodologies and sizes 
of magnetic beads were investigated, together with bead concentration, am-
plitude of the applied AC magnetic field and enzymatic amplification time 
(RCA time). 100 nm and 250 nm magnetic beads were used. Both types of 
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beads were functionalised with biotinylated detection probes according to 
the supplementary material for paper II. The RCA coils were synthesised in 
accordance with the supplementary material for paper II. By using different 
amplification times of 20, 40 and 60 minutes, three different sizes of RCA 
coils were produced. The response of the magnetic beads to the AC magnetic 
field was detected through the second harmonic of the voltage output from 
the photodetector. However, instead of observing the turn-off behaviour, as 
was the case in paper I, Chapter 3.1.1, here the turn-on behaviour was inves-
tigated. In this case, the turn-off and turn-on behaviour refer to a decrease or 
increase of the relaxation peak, respectively, with increasing target concen-
tration. 

 
Figure 20. An optomagnetic setup containing a Blu-ray laser source aimed at a 
photodetector. The cuvette with the sample is positioned in the optical path and 
centred between two electromagnets. The setup also includes a computer, a DAQ 
unit and an AC current source. Adapted from the supplementary material for paper 
II. 

The first read-out methodology was investigated by observing the turn-on 
effect seen in the normalised in-phase component at low frequencies. Panel 
A of Figure 21 shows representative measurements of the normalised in-
phase component versus frequency for 100 nm beads with a concentration of 
100 µg/ml, a magnetic field amplitude of 2.58 mT and different coil concen-
trations. The error bars correspond to standard deviations among triplicate 
measurements. 
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In panel B of Figure 21 dose-response curves for 3.77, 5.33 and 10.68 Hz 
can be seen, revealing a LOD of 5pM. These were generated by plotting the 
difference in signal according to ∆ = ( ) ( )⁄ − ( ) ( )⁄⁄  
versus coil concentration for three of the measured frequencies. The dashed 
lines represent the LOD and each line is coupled to a frequency by the col-
our codes. 

 
Figure 21. A) Normalised in-phase data in the low-frequency region. 100 nm beads 
at 100 µg/ml, 2.58 mT. Error bars correspond to standard deviations among tripli-
cates. B) Three dose-response curves generated by plotting ∆ ⁄  versus concen-
tration for three different frequencies. The dashed lines correspond to LOD, each 
line is coupled to a frequency by the colour codes. The 5.33 Hz and 10.68 Hz curves 
have, for the sake of clarity, been shifted vertically by adding 0.5·10-4 and 1·10-4 
respectively. Adapted from paper II. 
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As can be seen in Figure 21, the error bars for this read-out methodology are 
rather large, especially for the higher coil concentrations. It was noted that 
this was also true for the out-of-phase component of the photodetector sig-
nal. Thus, the second read-out methodology was investigated by observing 
the turn-on effect seen in the phase angle at low frequencies. The phase an-
gle is defined as = arctan( ⁄ ), i.e. a combination of the two signal 
components. 

 
Figure 22. A) Normalised in- and out-of-phase data for three negative control sam-
ples. B) Corresponding data visualised using the phase angle. Adapted from paper 
II. 
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In panel A of Figure 22, the normalised in- and out-of-phase results for three 
negative control samples (100 nm, 100 µg/ml,  = 2.58 mT) are plotted 
versus frequency. In panel B of Figure 22, the corresponding data is visual-
ised using the phase angle read-out methodology. Since the arctangent func-
tion is defined between ± 2⁄ ,  has been subtracted from all phase angle 
values below the frequency where the phase switches from − 2⁄  to + 2⁄ . 
As can be seen, the individual differences between the measurements in 
panel A are almost completely cancelled out when instead considering the 
phase angle in panel B. This read-out methodology was thus considered to 
be the more robust when considering turn-on detection. 

Similar results as presented in Figure 22 were obtained by performing 
measurements using 250 nm beads at a concentration of 50 µg/ml. The re-
sults from dose-response curves generated using the phase angle approach 
yielded a LOD of 10 pM, and it was thus concluded that the 100 nm beads 
were more optimal for use in this system. 

The effect on the performance of the system when varying the concentra-
tion of magnetic beads and amplitude of the applied AC field was examined 
using the phase angle approach. The bead concentrations used were 60, 80, 
100 and 120 µg/ml, and the amplitude of the applied AC field was varied 
between 1.42, 2.00 and 2.58 mT. From the measurements it was concluded 
that the best LOD was reached for bead concentrations of 60, 80 and 
100 µg/ml. However, the difference in magnitude between the NC and the 
sample of highest concentration was largest for the 100 µg/ml bead concen-
tration, which was thus considered the most optimal. Also, a slight im-
provement of the LOD with increasing magnetic field amplitude was ob-
served from measurements; hence, an AC field amplitude of 2.58 mT was 
determined as being optimal for the investigated setup. 

Finally, the effect of different RCA times was investigated. In Figure 23, 
dose-response curves for three different RCA times, corresponding to three 
different sizes of coils, are presented. The curves were generated by plotting ∆ = ( ) − ( ) versus concentration in the low-frequency region. 
100 nm beads, with a concentration of 100 µg/ml and field amplitude of 
2.58 mT were used. 

As can be seen in Figure 23, a LOD of 5 pM was reached for 60 minutes 
of RCA time. However, by decreasing the time to 40 minutes, or even 20 
minutes, the sensitivity was only reduced by a factor of two. I.e., by using 
the optimised system from paper II, the same LOD can be reached as ob-
tained by the system presented in paper I, but with a much reduced total 
assay time. 
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Figure 23. Dose-response curves for three different RCA times, generated by plot-
ting ∆ = ( ) − ( ) versus coil concentration. The three RCA times were A) 
20 minutes, B) 40 minutes and C) 60 minutes. 100 nm beads, with a concentration of 
100 µg/ml and field amplitude of 2.58 mT were used. Adapted from paper II. 
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3.1.3 Multiplexing 
In paper III, the same system as presented in Chapter 3.1.2 was used for 
qualitative biplex detection of RCA coils formed from EC or VC targets. 
The coils were formed by adding synthetic DNA from the two targets to the 
same sample volume. Two bead sizes were used; 100 nm and 250 nm. The 
250 nm beads were conjugated with detection probes complimentary to the 
EC coils, and the detection probes conjugated to the 100 nm beads were 
complimentary to the VC coils. Detailed descriptions of the protocols for 
coil formation and bead conjugation can be found in paper III, and in the 
supporting information for paper III. 

Figure 24 presents the results for the detection of coils with different 
combinations of concentrations. The concentrations of each type of coil 
could be 0, 0.5 or 1 nM, resulting in seven different combinations of concen-
trations. In panels A and B, the in- and out-of-phase components of the sec-
ond harmonic photodetector signal are plotted versus frequency, while panel 
C shows the corresponding phase angle versus frequency spectrum. All 
curves were generated using calculated averages from triplicate measure-
ments. 

As can be seen from Figure 24, the amplitude and/or position of the peak 
in the in-phase data is different for all combinations of concentrations. For 
no coils present (EC 0, VC 0), the peak is a representation of two free bead 
peaks, one for each bead size. The peak is positioned between the two fre-
quencies where the peaks for the two bead sizes would be observed if meas-
ured individually. When both targets are present, in maximal concentrations, 
i.e. the EC 1, VC 1-curve, the peak is shifted towards lower frequency. If 
only one coil type is present, or for the 0.5 nM concentrations, the peaks are 
irregular and/or positioned somewhere in between the positions of the EC 0, 
VC 0-peak and the EC 1, VC 1-peak. This is reasonable, since these curves 
are sums of different contributions, from both free beads as well as from 
beads immobilised to coils. When considering the phase angle, the curves 
representing the same combinations but with different concentrations appear 
more similar with regards to shape, for example EC 0, VC 0.5 and EC 0, VC 
1 coincide almost perfect. In panel C of Figure 24, four distinct curve shapes 
can be seen, where one represents no coils present, one represents the pres-
ence of both coil types and the last two represent the combinations where 
only one of the coil types is present. From this it is evident that this system is 
capable of biplex detection, although in a qualitative manner. 
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Figure 24. A) In-phase and B) out-of-phase components versus frequency for the 
seven different combinations of coil concentrations listed in panel B. Panel C shows 
the corresponding phase angle versus frequency spectrum. The field amplitude was 
2.58 mT. All curves were generated using calculated averages from triplicate meas-
urements. Adapted from the supporting information for paper III. 
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3.2 The surface coverage based system 
In paper IV, the surface coverage based biosensor described in Chapter 2.6.3 
was used to detect the presence of an analyte in a sample. The magnetic 
beads used in this study, Micromer®-M, are multi-core with an average di-
ameter of 4.9 µm. The beads have a core containing maghaemite nanoparti-
cles in a styrene-maleic acid-copolymer matrix coated with a polymer modi-
fied with bifunctional polyethylene glycol (PEG) with amino function. 

As a first step towards functionalisation with primary capture molecules, 
biotin-NHS was coupled to the amino groups on the beads. Secondly, the 
biotin functionalised beads were resuspended in an avidin-containing solu-
tion. This outermost layer of avidin acts as primary capture molecules. The 
detection area on the magnetic chip was functionalised with SH-PEG-biotin, 
which acted as secondary capture molecules. The –SH group of the modified 
biotin reacted with the gold on the detection area, forming a strong gold-
sulphur bond.149, 150 The biotin on the chip is able to immobilise the magnetic 
beads by binding to their avidin layers. By subjecting the beads to an analyte 
solution containing sufficient concentration of analyte - in this case biotin - 
the avidin layer was effectively blocked from further reactions, meaning that 
the beads were unable to be immobilised on the detection area. By using a 
step-wise rotating in-plane magnetic field with a magnitude of  = 25 mT 
and a rotation frequency of 1.3 Hz, the beads were magnetically transported 
along rows of thin film permalloy ellipses. The beads were transported 
through an area of stationary PBS before entering the detection area, where 
the transport through PBS acted as a final rinsing step to remove unreacted 
and/or unspecifically bound reagents. After the beads had been transported 
across the detection area, the chip was rinsed with PBS and the final state of 
the detection area was documented as a series of images. The experiment 
was repeated several times using different concentrations of biotin in the 
analyte solution. It was found that the dynamic range of the biosensor was 
rather narrow, i.e. the plot of detection area surface coverage of immobilised 
beads versus analyte concentration was step-like, see Figure 25. 

As can be seen in Figure 25, eight different concentrations of analyte 
(negative control excluded) were tested. For the four highest concentrations, 
the beads were fully blocked from reacting with the biotin on the detection 
area, leaving it empty. For the four lowest concentrations, as well as for the 
negative control, the avidin on the beads was free to react with the biotin on 
the chip, resulting in a large number of immobilised beads. In this series of 
experiments, PBS represented the negative control. The two images at the 
top in Figure 25 are representative of the two typical results of the experi-
ments. In the image at the top right, the concentration of analyte was 
500 ng/ml and the detection area is empty of beads. In the image on the left, 
a high ratio of immobilised beads can be seen; here the concentration of 
analyte was 5 ng/ml. The error bars on the data points represent the standard 
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deviation in coverage for the series of images representing the result for each 
of the analyte concentrations. The highest concentration resulting in immobi-
lised beads was 20 ng/ml and the lowest concentration resulting in no immo-
bilisation was 50 ng/ml. 

 
Figure 25. The detection area surface coverage of immobilised beads in per cent of 
the total detection area versus analyte concentration. 

In order to verify this LOD, a model estimating the number of biotin binding 
sites on one bead was constructed. In addition, the avidin surface coverage 
of the beads was measured using UV/Vis spectroscopy at a wavelength of 
280 nm. The model estimated the number of biotin binding sites in one ex-
periment as 87 ng/ml and the spectroscopy measurement gave an even high-
er number. It could be argued, however, that the spectroscopy measurement 
was overestimating the coverage. In order to perform this measurement, the 
sample could not be too diluted. Thus, the measured avidin came from the 
first of five washing steps. Consequently, the avidin washed away in the 
following four steps was unaccounted for. Nevertheless, the spectroscopy 
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measurement indicated that the beads were covered with at least one mono-
layer of avidin, a result supporting the model. 

The LOD of this system is directly related to the number of beads used in 
one experiment. Fewer beads would need less analyte to be blocked and vice 
versa. Based on this, it could be argued that the step in Figure 25 can be 
shifted towards a higher or lower concentration of analyte simply by chang-
ing the number of beads. It has previously been demonstrated that a system 
such as that described in paper IV could be used to manipulate single 
beads,128, 129 i.e. a LOD in the attomolar region. 

If, instead, the concentration of analyte were to be changed keeping a 
fixed number of beads, the system could be used for a quantitative measure-
ment series. If the measured sample appears positive to the chip, i.e. blocked 
beads, the sample could be diluted. A second measurement of the diluted 
sample gives a new yes or no answer and so on. Finally, the sample will not 
contain enough analyte to block the beads and they will become immobilised 
on the chip. 

One advantage of the system presented in paper IV is the fact that beads 
conjugated to the target can be transported unaffected over the detection 
area. This permits them to be further analysed, e.g. subjected to a second 
detection area, or magnetically separated. 

 
Figure 26. A) The two steps in thiolation of LALBA and lysozyme. In step 1 the ami-
no groups are reacted with SPDP, after which they are DTT-treated in step 2. LAL-
BA and lysozyme are represented by the ligand. B) The beads are functionalised 
with thiolated ligands. Step 1 is a SPDP conjugation to the amino groups on the 
beads, and in step 2 the ligands are coupled by a reaction of thiols to disulphides. 
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By using several different detection areas, either in series or in parallel, the 
system could be used for multiplex detection, illustrated in Figure 27. In 
such a case, the detection areas need to be functionalised with different sec-
ondary capture molecules, complementary to beads carrying different prima-
ry capture molecules. An investigation, not reported in paper IV, of four 
other biological molecules suitable for demonstration of multiplexing has 
been performed. These four molecules were alpha-lactalbumin (LALBA), 
anti-LALBA, lysozyme and anti-lysozyme. Gold covered detection areas 
were functionalised with thiolated anti-LALBA or anti-lysozyme, and the 
magnetic beads identical to those of paper IV were functionalised with 
LALBA or lysozyme using the protocol illustrated in Figure 26. 

 
Figure 27. Illustration of multiplex detection of antigen A and/or antigen B. The 
beads are functionalised with antibody A and antibody B respectively. In this illus-
tration the sample contains a high concentration of antigen A and a low concentra-
tion of antigen B. The two detection areas on the chip are functionalised with anti-
gen A and antigen B respectively. After the rinsing step, immobilized beads are 
present only on area 2. 

Four different experiments were performed using a setup similar to that of 
paper IV; 1) LALBA beads on an anti-LALBA chip, 2) LALBA beads on an 
anti-lysozyme chip, 3) lysozyme beads on an anti-lysozyme chip and 4) ly-
sozyme beads on an anti-LALBA chip. As expected, there was no cross-
reaction between LALBA and lysozyme. For the two experiments using non-
complementary entities 2 and 4, no interaction between beads and chip was 
observed. After the rinsing step, the detection area was empty. For the two 
experiments using complementary entities 1 and 3, the outcome was the 
opposite, i.e. the beads were immobilised to a high degree. 
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The setup described in paper IV has also been used in a pre-study to de-
termine the feasibility of using differently sized magnetic beads along with 
correspondingly sized magnetic thin film elements as a method of perform-
ing magnetic separation. In this study, the thin film permalloy elements were 
equilateral triangles instead of ellipses as in paper IV. However, the physics 
behind the movement of the beads is the same. I.e., the in-plane rotating field 
magnetises the triangles to saturation when oriented along one of their easy 
axes. For a triangular pattern, the easy axis corresponds to a line starting at 
the centre of one of the triangle’s sides and ending at the opposing apex. 
When rotating the field, the beads will follow the circumference of a triangle 
until they reach a position where the attraction from the apex of the next 
triangle will be stronger than the attraction from the base of the present one, 
and so on, forcing the beads to jump from one triangle to the next.128 The 
triangular pattern actually results in faster transport of magnetic beads than 
an elliptic pattern for the same rotation frequency of the applied field, be-
cause the motion of the beads describes a straighter line when using a trian-
gular pattern. In this study, nine differently sized triangles were used, all 
equilateral with sides ranging from 10 µm down to 2 µm; see Table 1. The 
distance between two sequential triangles was equal to the height of the tri-
angles. The thin film pattern was created using evaporation and lift-off. Fig-
ure 28 depicts the rows of differently sized triangles. 

 
Figure 28. Nine rows of differently sized triangles. The triangles in the bottom row 
have sides of 10 µm and a 10 µm gap between elements. The triangles in the row 
above this have sides of 9 µm, with 9 µm between elements, and so on. The triangles 
in the top row have sides of 2 µm and a 2 µm gap between elements. 
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In order to demonstrate separation, magnetic beads with six different diame-
ters were used; the diameters are listed in Table 1. These magnetic beads 
were identical to those of paper IV except for the difference in diameter. The 
principle behind the separation is that it would only be possible for the mag-
netic beads to be transported by rows containing triangles with size and sep-
aration distances matching the diameter of the bead. The force of magnetic 
attraction between a triangle apex and a magnetic bead is inversely propor-
tional to the distance between apex and bead to a power of 4–7 (depending 
on the distance).151 Based on that, an assumption was made that the smaller 
beads would not be able to make the jump between triangles with longer 
separating distances. Conversely, an assumption was made that it would not 
be possible for larger beads to be transported along rows of triangles with 
smaller sizes and separating distances. This was based on the fact that the 
larger beads would cover several triangles just because of their size, and 
would thus not experience the stray field from one small triangle as attrac-
tive. In the experiment, beads of all six sizes were mixed together and trans-
ported over the chip using the setup from paper IV. Table 1 summarises the 
result from this pre-study. Different symbols have been used to represent the 
three outcomes of the study. An “x” means that beads of that size were 
transported without problem along the row of triangles of that particular size. 
An “–“ indicates some transport, but not without problem. A blank cell im-
plies that the beads were unaffected by the row of triangles of that size. 

Table 1. The nine columns represent the nine different triangle sizes. The six rows 
represent the six bead sizes. An “x” means good transport properties of the combi-
nation, an “–“ implies transport but with problems, and an empty cell implies no 
bead transportation. 

  Element size 

  10 9 8 7 6 5 4 3 2 

B
ea

d 
si

ze
 

10 x x x  
8 x x x x -  
5 - - - x x x  
4 - - x x x x -  
3 - - - x x x  
2       - -  

As can be seen from Table 1, no beads could be transported using the trian-
gles with 2 µm sides. This could be explained by the shape of the triangles. 
Upon closer examination it was realised that the smallest triangles had been 
rounded in the lift-off process, thereby losing much of their shape anisotro-
py. Other than that, the result of the study confirmed what was expected. By 
choosing beads with large enough differences in size and corresponding 
triangles, it would be possible to separate up to three different bead sizes 
using this method. One example could be to use beads with diameters of 
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10 µm, 5 µm and 3 µm, and triangles with sides of 10 µm, 6 µm and 3 µm. 
Transportation along the rows of triangles would then start in a parallel fash-
ion where the beads are injected to the chip, after which they could separate 
to three different sites, one for each triangle size. 

One major advantage with the magnetic transport is the possibility of 
moving beads without the requirement to also move the liquid suspending 
them. The beads could be moved against the flow direction, transverse to it, 
with it or through stationary liquid. A method of transporting beads through 
channels between two compartments of stationary liquids was tested. The 
magnetic thin film pattern was made from equilateral permalloy triangles 
with sides of 6.5 µm. The chip was patterned with a 100 µm thin film of an 
epoxy resin. Two compartments, 2 mm by 8 mm, were separated by 100 
channels, each 4 mm long, 20 µm in width and with a spacing of 70 µm. The 
height of the channels was equal to the thickness of the epoxy resin. Along 
the bottom of each channel was a row of triangles; see Figure 29. The beads 
used were identical to those used in paper IV, and the system from paper IV, 
with the exception of the tubing system was also used. 

One of the compartments was filled with deionised water and the other 
one with beads suspended in PBS. The beads could easily be transported 
from one compartment to the other. By extending the design to include sev-
eral compartments, separated by channels, this system could be further im-
proved. 

 
Figure 29. Rows of triangles can be seen exiting from the channels; the magnetic 
beads are visible as dark dots. 
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3.3 The planar Hall-effect based system 
3.3.1 Detection of DNA coils 
In paper V, the biosensor described in Chapter 2.6.4 was used to detect DNA 
coils originating from two different pathogenic targets. As with the opto-
magnetic system, the method of detection for this system relied on the shift 
in relaxation frequency for beads immobilised to coils, as described in Chap-
ter 2.6.1. 

The targets used in this study were DNA coils originating from Bacillus 
globigii (BG) spores and VC. The BG spores were recognised by PLA 
probes and the VC target DNA by padlock probes, which in both cases re-
sulted in circularised DNA. The DNA circles were subsequently amplified 
using the RCA strategy to form micrometre sized coils. Detailed protocols 
can be found in the supporting information for paper V. Magnetic beads 
80 nm in diameter were functionalised with oligonucleotides complementary 
towards either the VC coils or the BG coils. 

 
Figure 30. a) In- and out-of-phase components of  versus frequency for samples 
without coils (i.e. 0 pM). b) Corresponding data as in a) but with a coil concentra-
tion of 32 pM. The legend indicates time passed after injection. Adapted from paper 
V. 

The PHEB sensors were fabricated using sputtering, photolithography and 
lift-off. Prior to measurement, the sensor chip was mounted in a microfluidic 
system equipped with channels and electrical contacts. Functionalised beads 
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suspended in PBS were mixed with coils and the mixture was incubated at 
55°C for 30 minutes outside the microfluidic system, after which it was in-
jected into the channel leading to the chip. An alternating bias current was 
run through the sensor in the x-direction and the complex second harmonics 
of the voltage response, , were measured across the sensor in the y-
direction using a lock-in amplifier. 

Each sample was measured for 30 minutes, resulting in 12 frequency 
sweeps, where each sweep ranged from 30.8 kHz down to 1.33 Hz. Different 
coil concentrations (ten for the VC target and six for the BG target) were 
measured. Based on an increase in amplitude of both components of  with 
time, it was concluded that, as expected, the PHEB sensor is primarily sensi-
tive to the beads in close vicinity to the sensor area. It could also be conclud-
ed that free beads reached an equilibrium state after approximately 10 
minutes, whereas beads bound to coils continued to sediment throughout the 
experiment time, as can be seen in Figure 30. 

Since the area under the  versus log  curve is proportional to the total 
amount of magnetic beads contributing to the sensor response (see support-
ing information for paper V) the average value of  can be used to normal-
ise the  data with respect to different coil concentrations. Panels (a) and 
(c) of Figure 31 shows the normalised in-phase results for measurements on 
VC and BG samples respectively, 30 minutes after injection. Eight out of ten 
different concentrations for the VC samples are presented. Since the two 
lowest concentrations yielded the same result as the negative control sample 
(0 pM), they were omitted. For BG samples, all six concentrations are pre-
sented. As can be seen, the curves show different trends with respect to each 
other in different frequency regions. 

Three regions, indicated with dashed lines in panels (a) and (c) of Figure 
31, were identified. In the low-frequency region, the signal increases with 
increasing coil concentration; this is also valid for the high-frequency region 
although not to the same extent. In the medium-frequency region, the oppo-
site relationship applies, i.e. the signal decreases with increasing coil concen-
tration. The different trends share a common explanation; free beads relax at 
a much higher frequency than bead-coil complexes and the peak height is 
proportional to the relative amount of contributing beads. Thus, when the 
coil concentration is increased, the free bead peak at higher frequencies loses 
beads in favour of the bead-coil complex peak at lower frequencies. 

A quantification of the coil concentration can be carried out by calculat-
ing the ratio, ( ), between the total signal measured at low and medium 
frequencies, see the supporting information for paper V. In panels (b) and 
(d) of Figure 31, ∆ ( ) is plotted versus coil concentration for the VC and 
BG samples respectively, where ∆ ( ) is the ratio at a certain concentration 
with the ratio at 0 pM subtracted. The ratio is calculated using four frequen-
cy sweeps with the last of these ending at the time indicated in the legend 
(20 or 30 minutes). Each concentration was measured three times and the 
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average between the triplicates is presented with error bars representing the 
standard deviation. The horizontal line indicates the LOD. 

 
Figure 31. a) and c) Normalised in-phase components of  versus frequency for VC 
samples of eight different concentrations and BG samples of six different concentra-
tions, respectively. b) and d) ∆ ( ) versus coil concentration for VC samples and 
BG samples respectively. The plotted data correspond to averages of triplicates with 
error bars representing standard deviations. Two sets of four frequency sweeps are 
presented with the ending time indicated in the legend. The horizontal line indicates 
the LOD. Adapted from paper V. 

As can be seen in panels (b) and (d) of Figure 31, the signal ratio increases 
with time for almost all coil concentrations. This is explained by the sedi-
mentation of the bead-coil complexes, i.e. the ratio between free and bound 
beads near the sensor surface increases with time. This has an impact on the 
LOD, which thus improves with time. From panel (b) of Figure 31 it can be 
deduced that the LOD is in the 1-2 pM range, and that the dynamic range of 
the system is approximately two orders of magnitude. At high enough coil 
concentrations, the system saturates since nearly all beads are immobilised in 
coils. Using the same reasoning, panel (d) of Figure 31 show a LOD of 500 
BG spores and a dynamic range of two orders of magnitude. 
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3.3.2 Characterisation 
In paper VI, the electric and magnetic noise in a PHEB biosensor was meas-
ured for the first time ever. The noise was measured as a function of sensor 
bias current, applied magnetic field and sensor geometry. The sensor geome-
tries differed with respect to the number of segments, , as well as length  
and width , of each segment according to Table 2. A sensor with > 1 
was meander shaped according to the illustration in Figure 16 in Chapter 
2.6.4. 

The sensitivity of a sensor was examined by measuring the first harmon-
ics of the output voltage, , while applying a magnetic field along the y-
direction. During the sensitivity measurements, the sensor was fed with an 
alternating bias current with an amplitude of 1 mA and a frequency of 
2.2 kHz. On the other hand, in the noise measurements, a direct bias current 
of 10 mA supplied by lead-acid batteries was used, in order to minimise the 
intrinsic noise of the current source. The voltage noise was amplified by 
40 dB before being measured using a spectrum analyser. Two overlapping 
frequency regions were used for the measurements; 125 mHz to 200 Hz (or 
250 mHz to 400 Hz) and 8 Hz to 12.8 kHz. 

Table 2. Columns 1-4 list values for the length and width of a segment as well as the 
number of segments for each PHEB. Column 5, lists the sensor sensitivity, for each 
geometry, with a bias current of 10 mA. 

PHEB  (µm)  (µm)    at  = 10 mA 

#1 100 20 1 1.66
#2 300 30 1 3.60
#3 450 30 1 5.24
#4 600 30 1 6.76
#5 750 30 1 8.34
#6 600 30 3 19.4
#7 600 30 5 31.8
#8 600 30 7 45.4 

The lowest detectable field for the sensor is called the detectivity, =⁄ , which is calculated from the total noise power spec-
tral density ( = + ) and the low field sensitivity. Two 
types of noise were more prominent; white noise and pink noise. For details 
about these types of noises, see Chapter 2.4. The sensitivity for each sensor 
geometry, listed in Table 2, was obtained from linear fits in the low field 
region to data from measurement of  versus applied field, where  had 
been normalised with the bias current. As can be seen from Table 2, the sen-
sitivity displayed a linear dependence on the total length ( ) at constant 
width. The noise, measured in an interval from 125 mHz to 12.8 kHz, 
showed a white-like noise dominating at high frequencies, and a pink-like 
noise dominating at lower frequencies, with a knee frequency around 
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400 Hz. The detectivity was plotted against the total length of one Wheat-
stone bridge branch for a frequency of 10 Hz and a bias current of 10 mA, 
resulting in a linear dependence as seen in Figure 32. This analysis could be 
extended to also include  and the thickness of the ferromagnetic layer, , 
yielding the relationship ~( ) ⁄ . For details, see paper VI. These 
results indicate that the detectivity could be further improved by increasing 

 and/or . This relationship between detectivity and geometry is also 
valid above the knee frequency, indicating that the knee frequency is inde-
pendent of geometry. It has previously been shown that the thickness of the 
ferromagnetic layer could only be increased to a thickness of approximately 
50 nm without losing its single domain configuration.152 On the other hand, 
no such restriction for  has been observed. 

 
Figure 32. Detectivity as a function of  for a frequency of 10 Hz and a bias cur-
rent of 10 mA. The circles represent sensors #2 to #5, for which = 1. The squares 
represent sensors #6 to #8, for which > 1, and the rhombus represents sensor #1, 
scaled to fit the model. The dashed line is a fit of an ( ) ⁄  dependence to the 
measured data. Adapted from paper VI. 

In paper VII, regular and meander-type PHEB sensors of different geome-
tries were used to verify an analytical model estimating the performance of 
an arbitrary PHEB sensor geometry in terms of, for example, sensitivity and 
detectivity. This model was then used to develop a design process for pro-
ducing an optimised sensor with regards to a set of system requirements. 
Two sets of sensors were measured, see Table 3. The difference between the 
two sensor sets was the thickness of the ferromagnetic layer. Also, within 
each set the length and the number of segments differed between sensors. 
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Table 3. The table lists values for the thickness of the ferromagnetic layer, length of 
a segment and number of segments for each PHEB. 

PHEB  (nm)  (µm)    (µm) 

A1 30 300 1 30
A2 30 450 1 30
A3 30 600 1 30
A4 30 750 1 30
A5 30 600 3 30
A6 30 600 5 30
A7 30 600 7 30
B1 45 300 1 30
B2 45 450 1 30
B3 45 600 1 30
B4 45 750 1 30
B5 45 600 3 30
B6 45 600 5 30
B7 45 600 7 30 

The expected dependency of the sensitivity and detectivity on the total 
length and thickness of the sensors is visualised in Figure 33. Here,  was 
varied between 100 µm and 1 mm, and  ranges from 20 nm to 50 nm. 

 

 
Figure 33. Analytical model predicted sensitivity and detectivity, for a frequency of 
10 Hz, bias current of 10 mA and a fixed segment width of 30 µm. Adapted from 
paper VII. 

The model was verified by comparing the modelled data to experimental 
results from the two sets of sensors. In Figure 34, the detectivity, measured 
and modelled, is plotted versus . The mean deviations between the model 
and the result of the measurements for the sensors in set A and set B were 
5% and 13%, respectively. The reason for the underestimation by the model 
of the detectivity with increasing  for set B is believed to be caused by 
shape anisotropy effects.153 
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Figure 34. Measured and modelled detectivity for the two sensor sets in Table 3. 
Adapted from paper VII. 

In the second part of paper VII, a design study was performed in which three 
arbitrary magnetometer designs denoted MGM1 – MGM3, defined by sys-
tem requirements on the detectivity, bandwidth, supply voltage and amplifier 
noise, were chosen and optimised to minimise either their size or their power 
consumption. With such requirements considered (for details see paper VII) 
the optimum size, sensitivity, resistance, bias current and power consump-
tion of the magnetometers can be calculated. This resulted in the detectivity 
versus frequency spectra seen in Figure 35, where the intersections between 
the dotted vertical lines and the dotted horizontal line represent the detectivi-
ty requirements at the lower bandwidth limit for the three magnetometers. 

Each magnetometer is represented by two detectivity versus frequency 
spectra, where one illustrates the minimum size results (solid lines) and the 
other the minimum power results (dashed lines), see Figure 35. The two 
optimisation methods, aiming for either size or power minimisation, 
stemmed from the different dependencies of the two principal noise compo-
nents on the bias current. According to Equation 13, the PSD of white noise 
is current independent, whereas the PSD of pink noise (Equation 14) in-
creases with the square of the bias current. Hence, the detectivity in the 
white noise region becomes current dependent, since the detectivity is de-
fined by the square root of the noise PSD divided by the sensitivity, which 
increases linearly with the current. 
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Figure 35. Detectivity versus frequency for the three magnetometers, fulfilling the 
model-generated requirements. Adapted from paper VII. 

The detectivity in the pink noise region, on the other hand, becomes current 
independent, since the sensitivity and the square root of the pink noise PSD 
share the same current dependency. When modelling the magnetometers 
with regards to minimum size, no requirements were set on the magnitude of 
the bias current, which on the contrary was kept as low as possible when 
modelling with regards to minimum power. As can be seen in Figure 35, the 
two spectra for the model aspects reach the requirements while in different 
noise regions. The model showed that it was favourable to design the magne-
tometers so that white noise was dominant within the predefined bandwidth 
if minimum power was required, whereas the magnetometers should be 
dominated by pink noise if the design instead aimed at minimum size. The 
design process is described in detail in paper VII, and the results show that 
the model was not only able to predict the performance of a given sensor, but 
could also be used to optimise a new sensor to system requirements realistic 
to the proposed applications. 
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4 Concluding remarks 

4.1 Summary 
In this thesis, three read-out techniques for biomolecular recognition have 
been studied. 

In papers I, II and III, the read-out methodology is based on an optomag-
netic phenomenon in which magnetic beads, when exposed to an AC mag-
netic field, will modulate laser light differently depending on whether or not 
they have been immobilised to DNA coils or have been cross-linked so as to 
form aggregates. LODs of 5 pM DNA coils originating from a V. cholerae 
target and 100 pM of biotinylated bovine serum albumin were achieved. 
Additionally, the system was proved capable of simultaneously measure two 
different types of DNA target (V. cholerae and E. coli). This system is vol-
ume-based, i.e. the entire sample can be probed at the same time, although in 
our case the probing volume is determined by the spot size of the laser. The 
advantage with this technique is that it is homogenous, has a short read-out 
time and all sample handling is performed using disposable containers, thus 
minimising the risk of contamination. 

In paper IV, the interaction between magnetic beads and a detection area 
on a microchip is evaluated with regards to the ability of the detection area 
to immobilise the beads. Both beads and detection area are functionalised 
with biomolecules, after which the beads are subjected to a sample and sub-
sequently magnetically transported across the detection area. Analyte present 
in the sample will react with the biomolecules on the beads and thereby pre-
vent them from interacting with the biomolecules on the detection area. The 
LOD of biotin for this system proved to be in the range of 20 to 50 ng/ml 
and the dynamic range was found to be rather narrow. One major advantage 
of this system is the simple read-out method, requiring only a low-
magnification optical microscope. Also, the read-out time is short, within 5 
minutes, and since the method of transporting the beads is magnetic all rins-
ing can be performed on chip, enabling a homogenous assay. 

In papers V, VI and VII, the sensor technique is based on the planar Hall 
effect. The sensor is in the form of a microchip with a magnetometer shaped 
as a Wheatstone bridge, where a sinusoidal current is forced through the 
bridge in one direction and the sensor output voltage is measured across the 
sensor in the perpendicular direction. The bead magnetisation induced by the 
AC magnetic field due to the current creates an additional frequency de-
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pendent magnetic field contributing to the sensor output. This contribution 
will appear different depending on whether or not the beads have been im-
mobilised to DNA coils. LODs of 500 B. globigii spores and 2 pM of V. 
cholerae coils were achieved. The read-out time for this technique proved to 
be the lengthiest of the three techniques studied, but on the other hand the 
lowest limit of detection was reached. 

4.2 Outlook 
From a lab-on-a-chip point of view, all three techniques considered in this 
thesis show promising results with regards to sensitivity and integrability. 
However, the optomagnetic system presented in papers I to III could be ar-
gued to have the highest potential when all aspects are considered. It is fast, 
sensitive, cost efficient and easy to use. Contrary to the two chip-based tech-
niques presented in papers IV to VII, there is no proximity requirement be-
tween sample and detection areas. Thus, a minor part of any future device 
would need to be disposable. 

An interesting challenge for this system would be to directly detect bacte-
ria in a sample. Bacterial surface antigen-specific antibodies, conjugated to 
the magnetic beads, enable the formation of bead-bacteria complexes. The 
response of these complexes to the AC magnetic field would be significantly 
different from that of free beads, thus resulting in a change in the modulation 
of the signal. 

Another interesting study would be to investigate how an exchange of the 
previously studied spherical beads in favour of a rod-shapes type would in-
fluence the degree of modulation. 

In the most recent hardware upgrade of this optomagnetic system, not 
presented in this thesis, a Blu-ray optical pickup unit is used both as light 
source and detector, and the sample is placed in a transparent disc containing 
several compartments.154 This is a format well suited to be the basis of a 
future point-of-care device. 
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5 Appendix A 

Contribution to papers I – VII. 
 

I Part in planning and conducting experiments, correction of 
manuscript. 

II Major role in planning and conducting experiments, analysing 
measurement data and writing the manuscript. 

III Major role in planning and conducting experiments, analysing 
measurement data and writing the manuscript. 

IV Major role in planning and conducting experiments, analysing 
measurement data and writing the manuscript. 

V Designing and running the amplification protocol for Vibrio 
cholera. 

VI Part in planning, conducting and analysing noise experiments, 
correction of manuscript. 

VII Part in planning, conducting and analysing noise experiment, 
and writing the manuscript. 
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7 Svensk sammanfattning 

I närmare 50 år har forskare världen över arbetat med att utveckla nya bio-
sensorsystem för diagnostiska tillämpningar. En biosensor är en anordning 
som kan spåra en målsubstans, dvs. en specifik substans, i ett prov och för-
medla denna information till sin användare. Det finns sensorer för alla tänk-
bara målsubstanser; allt från virus och bakterier till enstaka DNA-strängar 
kan spåras. Olika sensorer spårar substanser med hjälp av olika metoder och 
förmedlar sitt resultat på olika sätt. 

I vissa fall räcker det med en mycket liten mängd av en viss substans för 
att göra en person sjuk. I dessa fall är det inte säkert att känsligheten hos 
sensorn räcker till för att kunna spåra substansen. Om så är fallet finns det 
dock särskilda metoder att ta till för att öka mängden substans. Bakterier, till 
exempel, kan odlas 1-2 dygn under vilka de förökar sig och på så vis blir 
tillräckligt många för att kunna spåras. Vid de tillfällen när målsubstansen är 
en DNA-sträng är den vanligaste metoden att generera kopior, en så kallad 
PCR (metoden blev belönad med Nobelpriset i kemi 1993). PCR står för 
polymeraskedjereaktion, där polymeras är ett enzym som har förmågan att 
bygga nya DNA-strängar utifrån en mall. En metod snarlik PCR är RCA, 
vilket står för rullande-cirkel-amplifiering. Här syftar amplifiering på för-
stärkning av antal, vilken sker genom en process som skapar cirklar av 
DNA. Med hjälp av polymeras kan dessa cirklar ”rullas” ut till långa DNA-
strängar, där en lång sträng består av en mängd kopior av DNA-
komplementet till cirkeln. Dessa långa strängar rullar spontant ihop sig till 
nystan. RCA är enklare att utföra och mindre känsligt för föroreningar än 
PCR. Den största skillnaden mellan PCR och RCA är dock vilken slutpro-
dukt som genereras; fria kopior av DNA-strängar eller hoplänkade kopior i 
ett DNA-nystan. 

Det är inte ovanligt att målsubstansen är en antikropp. Antikroppar an-
vänds av kroppens immunförsvar för att markera att en annan substans (bak-
terie, virus m.fl.) är farlig för kroppen och därför bör elimineras. Markering-
en sker genom att antikroppen binder till ett specifikt ställe på den farliga 
substansen, detta ställe kallas för ett antigen. Kopplingen mellan antigen och 
antikropp är ytterst speciell, de båda passar ihop som en nyckel i ett lås. Vid 
till exempel en infektion bildar kroppens immunförsvar fler antikroppar och 
genom att mäta hur många antikroppar som finns i ett prov går det alltså att 
avgöra om en person är frisk eller sjuk. I vissa fall kan det vara en fördel 
med en biosensor som är skräddarsydd för att leta efter en speciell antikropp. 
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Ett sådant exempel är förknippat med sjukdomen tuberkulos. Enligt WHO 
(World Health Organisation) har så många som var tredje person i världen 
latent tuberkulos. Dessa personer smittar inte och har inga symptom, men det 
kan ändras om immunförsvaret av någon anledning försvagas. Tuberkulos 
orsakas av bakterier som tar lång tid att odla och som är svåra att utvinna 
DNA ur. Ett test som har antikroppar mot tuberkulos som målsubstans skulle 
alltså vara till stor hjälp, men idag finns inget sådant test som är känsligt 
nog. Ett annat test som fortfarande saknas på marknaden är ett som snabbt 
kan ge svar på om en infektion är orsakad av bakterier eller virus. Det är 
nämligen bara bakteriella infektioner som går att häva med hjälp av antibio-
tika. Att behandla en virusinfektion med antibiotika är inte meningsfullt och 
i värsta fall bidrar det till den ökade spridningen av antibiotikaresistenta 
bakterier. 

Ett flertal biosensorsystem utnyttjar den specifika kopplingen mellan an-
tikropp och antigen för att spåra substanser. Ett sådant exempel är ELISA, 
vilket står för enzymkopplad immunadsorberande analys och är en svensk 
uppfinning från 1971. ELISA används flitigt, både inom forskning och dia-
gnostik. Till exempel var ELISA det första testet som användes för att ”scre-
ena” efter HIV. 

Enligt WHO är HIV den enskilda substans som leder till flest dödsfall i 
världen idag. 2012 godkändes i USA ett hemmatest för HIV. Testet är enkelt 
att utföra; en inbyggd tops förs över tandköttet och testet ställs sedan i ett 
medföljande rör med vätska vartefter vätskan tillsammans med provet från 
topsen sugs in till själva sensorytan. Efter ungefär 20 minuter syns testresul-
tat i form av ett streck (positivt resultat) eller avsaknaden av ett streck (nega-
tivt resultat). Testet liknar alltså i mångt och mycket de graviditetstest som 
funnits på svenska marknaden sedan mitten på 70-talet. 

För att ett test ska bli godkänt för hemmabruk måste det uppfylla ett fler-
tal krav. Det måste till exempel vara enkelt att använda, okänsligt för förore-
ningar, inte ge falska positiva eller falska negativa svar, det måste också vara 
billigt att tillverka och får inte kräva skrymmande kringutrustning. För test 
som ska användas på en vårdcentral ser listan med krav lite annorlunda ut 
och för större sjukhus är den en helt annan historia. Framförallt har större 
sjukhus långt större möjligheter att investera i dyra och avancerade biosen-
sorsystem än vad privatpersoner generellt har. De större sjukhusen är dessu-
tom ofta kopplade till laboratoriemottagningar där det finns tillgång till steril 
miljö och där de anställda är utbildade för att hantera avancerade system. 

Vad gäller test utvecklade för att användas i utvecklingsländer finns ytter-
ligare en lista med krav. Här måste testen i högre utsträckning ge svar snabbt 
eftersom det är dyrt att hålla en individ isolerad i väntan på ett testsvar. Det 
är dessutom fullt möjligt att individen ifråga representerar sin familjs enda 
inkomstkälla, vilket kan göra det omöjligt för denne att vara isolerad en 
längre tid. Även dessa test måste vara okänsliga för föroreningar och det 
ställs krav på låg energiförbrukning av eventuell kringutrustning. 



 79

Det är med andra ord inte enkelt att ta fram ett perfekt biosensorsystem, 
det måste skräddarsys, både med avseende på vem som ska använda det och 
under vilka omständigheter det ska användas. Eftersom teknikutvecklingen 
hela tiden går framåt finns det dock stora möjligheter att förbättra redan exi-
sterande biosensorsystem genom att kombinera befintliga och nya tekniker. 

Något som blir mer och mer vanligt att använda inom biosensorteknik är 
magnetiska pärlor. Dessa pärlor, som flyter runt i en vätska, består av ett 
funktionaliserat skal runt en magnetisk kärna. Funktionaliseringen innebär 
att prober med möjlighet att binda till målsubstansen fästs på pärlans skal. 
En prob kan vara till exempel en DNA-sträng eller en antikropp. Genom att 
blanda de prob-försedda magnetiska pärlorna med ett prov kan pärlorna 
binda till målsubstansen. 

Det finns flera sätt att mäta om inbindningen mellan pärla och substans 
har skett. En variant är att använda en funktionaliserad sensoryta på vilken 
det sitter prober som även de kan binda till substansen. I detta fall kommer 
det alltså bara att sitta pärlor på sensorytan om substansen finns i provet, om 
provet är negativt för substansen finns det inget som kan binda pärlorna till 
ytan. Genom att lägga på ett magnetfält kan man mäta om det har bundit 
några pärlor till ytan och man kan därmed få reda på om substansen finns i 
provet. I en annan variant av biosensor utnyttjar man istället pärlornas dy-
namiska förmåga att röra sig i takt med ett varierande pålagt magnetfält. Att 
fältet varierar betyder att det med små tidssteg går fram och tillbaka mellan 
ett fixt positivt värde och samma värde fast negativt. Varje liten pärla har sin 
egen nord- och sydpol, och i likhet med en kompassnål vill den ligga riktad 
längs magnetfältet. Pärlorna flyter runt i en vätska och när det pålagda fältet 
byter riktning (går från ett positivt värde till ett negativt värde, eller tvärt 
om) vill pärlorna också göra det. Om fältets riktning ändrar sig mycket 
snabbt är det inte säkert att pärlorna hinner med, vilket bland annat beror på 
hur stora de är. Små pärlor kan röra sig snabbare än stora och det är detta 
fenomen som utnyttjas i den här varianten av sensor. Det går nämligen att 
mäta hur bra pärlorna är på att hålla takten när fältet byter riktning. Även 
dessa pärlor har prober på ytan för att kunna binda till målsubstansen och när 
detta sker har de på sätt och vis blivit större, vilket innebär att de inte är lika 
snabba längre. Pärlorna blandas med provet och i det här fallet kommer bara 
de pärlor som har blandats med ett positivt prov att ha något att binda till och 
därmed bli större. Om provet istället är negativt kommer pärlorna att vara 
precis som vanligt. 

I den här avhandlingen presenteras tre olika varianter av biosensor-
system. Alla tre systemen utnyttjar att pärlorna rör sig olika beroende på om 
de har bundit till målsubstansen eller inte. 

Artiklarna I, II och III i avhandlingen handlar om ett optomagnetiskt bio-
sensorsystem som använder en laser och ett pålagt magnetfält för att avgöra 
om målsubstansen finns i provet eller inte. Laserstrålen är riktad så att den 
passerar igenom provet (som innehåller pärlor och kanske målsubstansen) 
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innan den träffar en detektor. På två sidor om provet finns det elektromagne-
ter som kan skapa ett varierande magnetfält. När laserljuset träffar provet 
med pärlorna kommer ljuset delvis att spridas och delvis att passera igenom 
provet. Eftersom detektorn är placerad mitt emot lasern, med avseende på 
provet, kommer den bara att träffas av det ljus som har passerat genom pro-
vet. Mängden ljus som kan passera genom provet beror av pärlornas place-
ring. Slumpmässigt utspridda pärlor släpper igenom en viss mängd ljus. När 
magnetfältet slås på kommer pärlorna att magnetiseras. Vilket bland annat 
innebär att de kan bilda kedjor och de kommer också att rotera så att deras 
magnetisering är riktad längs med fältet. Som tidigare beskrivits kommer 
pärlor beroende på storlek ha olika möjligheter att bilda kedjor och rotera när 
fältet varierar med en viss hastighet. Beroende på magnetfältets riktning i 
förhållande till laserstrålens riktning och laserljusets polarisation kommer 
mer eller mindre ljus att kunna ta sig igenom när det finns kedjor, jämfört 
med när pärlorna är slumpmässigt fördelade i provet. Genom att variera has-
tigheten på magnetfältet och samtidigt mäta hur mycket ljus som går igenom 
provet går det att mäta hur snabba pärlorna är. Om målsubstansen har bundit 
till pärlorna blir de långsammare och hinner således inte med när fältet 
snabbt byter riktning. I artiklarna I-III testas systemets förmåga att hitta 
några olika målsubstanser. Bland annat har två sorters DNA-nystan testats. 
De nystan som användes var ungefär 1 µm i diameter och pärlorna hade en 
diameter på 0,1 µm, som en jämförelse kan nämnas att diametern på ett 
hårstrå är ungefär 80 µm. När en pärla binder in till ett nystan som alltså är 
tio gånger så stort kommer den att bli avsevärt mycket långsammare. 

I artiklarna IV-VII undersöks två olika biosensorer som båda är tillverkad 
med mikrosystemteknik. De kallas för chipbaserade (eftersom de innehåller 
ett mikrochip) och ytbaserade (eftersom pärlorna måste hållas nära chipets 
yta), till skillnad mot det biosensorsystem som beskrivs i artiklarna I-III vil-
ket istället är volymsbaserat. 

I biosensorsystemet som beskrivs i artikel IV blandas först probförsedda 
pärlor med provet, vartefter de på magnetisk väg transporteras fram till sen-
sorytan på chipet. Den magnetiska transporten går till så att ett yttre magnet-
fält som roterar i planet påverkar ett magnetiskt tunnfilmsmönster på chipet. 
Mönstret består av ellipser och transporten fungerar som så att när det rote-
rande fältet är riktat längs med den långa axeln på en ellips blir den magneti-
serad och därmed attraktiv för pärlor. Ellipserna är parvis riktade åt olika 
håll och när fältet roterar kommer därför attraktionskraften att flytta från en 
ellips i paret till nästa. Ellipserna bildar en stig för pärlorna att följa. Denna 
magnetiska transport är överlägsen den traditionella metoden i vilken pär-
lorna förflyttas genom att de följer med ett vätskeflöde. En magnetisk trans-
port gör det möjligt att samtidigt utnyttja ett vätskeflöde som då kan introdu-
ceras som ett sköljsteg i systemet. 

I biosensorn som beskrivs i artikel IV är en speciell del av sensorytan ut-
rustad med prober som har möjlighet att binda till de prober som sitter på 
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pärlorna. Däremot kan de inte binda till målsubstansen. Det innebär att när 
målsubstansen finns i provet binder den till pärlorna som då blir blockerade 
och inte kan binda till proberna på sensorytan. De pärlor som används i det 
här biosensorsystemet är 5 µm i diameter, vilket innebär att de går att se med 
hjälp av ett enkelt mikroskop. Genom att blanda pärlorna med provet, trans-
portera dem till sensorytan och sen titta på ytan genom mikroskopet går det 
att se om målsubstansen finns i provet eller inte. En tom sensoryta betyder 
att substansen finns och blockerar pärlorna medan en sensoryta med pärlor 
på innebär en avsaknad av substansen. 

I biosensorsystemet presenterat i artiklarna V, VI och VII innehåller 
mikrochipet en magnetoresistiv sensor. Magnetoresistans innebär att den 
elektriska resistansen i materialet ändras om det utsätts för ett magnetfält. I 
det här fallet är sensorn formad som en Wheatstone-brygga där en ström 
läggs på i en riktning och spänningen över bryggan mäts i den vinkelräta 
riktningen. Genom att lägga på en varierande ström på bryggan skapas ett 
varierande magnetfält i den. Som tidigare beskrivits kommer magnetiska 
pärlor som påverkas av ett magnetfält att magnetiseras och vilja rotera så att 
deras magnetisering är riktad längs med fältet. När pärlorna kommer nära 
sensorytan kommer de alltså att magnetiseras, vilket sensorn känner av och 
vilket då syns i den uppmätta spänningen. Genom att ändra hastighet på det 
varierande fältet går det att mäta hur snabba pärlorna är och därmed hur stora 
de är. Även den här sensorns egenskaper testades genom att mäta på pärlor 
som fått binda till två sorters målsubstanser i form av olika DNA-nystan. 

Sammanfattningsvis uppvisade de tre biosensorsystemen som undersökts 
i denna avhandling lovande resultat. Det optomagnetiska systemet som pre-
senteras i artiklarna I-III uppfyller bäst de krav som ställs på ett biosensorsy-
stem. Det är snabbt, känsligt, kostnadseffektivt, okänsliga för föroreningar 
och lätt att använda. Det finns också störst möjligheter att utveckla detta 
system så att endast en liten del av systemet behöver vara för engångsbruk, 
vilket gör att nyttjandet av systemet blir förhållandevis billigt. 
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