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m  Complex (frequency-dependent) magnetisation 
χ′  Real part of complex magnetic susceptibility 
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1. Introduction 

In recent years, a rapidly growing interest in developing new nanotech-
nological methods for detection of various kinds of biomolecular targets in 
life-science applications, viz. in vitro medical diagnostics, pharmaceutical 
discovery and pathogen detection, has emerged within academia and indus-
try. Underlying these methods are what are referred to as (nano)biosensor or 
(nano)bioassay principles. Common requirements for these techniques are 
high sensitivity, high specificity, cost-effectiveness and the ability to allow 
multiplexed analysis (Azzazy et al., 2006; Erickson et al., 2008). Detection of 
pathogenic bacteria is a basic requirement for the prevention and identifica-
tion of health and safety problems, for example in monitoring infectious 
diseases, in quality assessments within the food industry and in assessing 
water quality and environmental issues (Lazcka et al., 2007). Interest in develop-
ing DNA biosensors for diagnostic testing has also increased remarkably 
within the scientific community (Sassolas et al., 2008). A vast range of bioassay 
techniques currently exist; examples of optical, electrochemical and mag-
netic schemes are briefly highlighted in Chapter 3.3. The development of 
effective bioassay methods is strongly dependent on the existence of highly 
specific molecular recognition mechanisms and typically also on the exis-
tence of signal amplification mechanisms for achieving high detection sensi-
tivity. In recent decades, the research community has focused on a set of 
methods concerning these factors: so-called molecular tools, see Chapter 4. 

Since this thesis mainly concerns magnetic biosensor development, some 
general highlights of the use of magnetic micro- and nanoparticles (magnetic 
beads) in life-science applications are provided. A liquid suspension of mag-
netic beads is denoted a ferrofluid. As pointed out in Pankhurst et al. (2003), 
Shinkai (2002) and Saiyed et al. (2003), the use of magnetic beads in various 
research areas, including biotechnology, biomedicine, drug discovery and 
biosensor technology, has become increasingly important. Firstly, magnetic 
beads can be fabricated with well-defined dimensions in a similar range to 
those of several biological entities, e.g. cells (several μm), bacteria (several 
μm), proteins (several nm) or genes (a few nm) (Pankhurst et al., 2003). Thus, 
the beads can get physically close to the biological entity of interest, thereby 
tagging and/or addressing it (Pankhurst et al., 2003). Secondly, because of their 
magnetic moment, beads can be manipulated by an external magnetic field, 
which can be used to transport and/or immobilise the beads or magnetically 
tagged biological entities (Pankhurst et al., 2003; Shinkai, 2002). These properties 
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make magnetic beads suitable for use in drug targeting and bioseparation 
procedures such as cell sorting (Shinkai, 2002). Thirdly, the beads can be made 
to respond to a magnetic field that changes with time, which can be utilised 
in such areas as hyperthermia in cancer therapy (Shinkai, 2002). Since most 
biological systems are not ferromagnetic and typically have only small mag-
netic susceptibilities, the magnetic moment from a bead can be detected with 
very low levels of background noise from the biological environment (Pank-

hurst et al., 2003). Because magnetic beads themselves generate a magnetic 
field in their surroundings, they are used in important applications such as 
magnetic resonance imaging (Shinkai, 2002). Magnetic beads are also used 
frequently in many biomedical tests such as immunoassays, detection of 
viruses and various assays of hormones (Shinkai, 2002). The surface of the 
beads can be engineered to suit the particular application, often involving the 
attachment of biomolecules as labels (tags), a procedure commonly denoted 
as biofunctionalisation, see Chapter 3.2. This thesis deals specifically with 
the biofunctionalisation of iron oxide (magnetite) beads. As mentioned in 
Salata (2004), Mornet et al. (2004), Osaka et al. (2006), Liu (2006) and Ma-
jewski and Thierry (2007), because of their magnetic properties and biocom-
patibility, biofunctionalised magnetite beads find many promising applica-
tions in biodiagnostic and therapeutic methodologies such as bioassays and 
magnetic separation techniques, as contrast agents in magnetic resonance 
imaging, and in drug delivery and hyperthermia cancer treatment. In the field 
of biosensing, the use of magnetic beads offers a number of specific advan-
tages, such as the lack of significant magnetic background in most samples 
of interest, the ability to detect magnetic bead labels by relatively non-
invasive methods, the high physical and chemical stability of the beads and 
the low production costs (Tamanaha et al., 2008). 

This doctoral thesis, which primarily concerns the development of a new 
magnetic bioassay principle, is organised as follows: The aims of the thesis, 
summarised in Chapter 2, are followed by a discussion of general issues and 
theoretical considerations about ferrofluids, the biofunctionalisation of mag-
netic beads and selected highlights of current biosensor technologies (Chap-
ter 3). Chapter 4 briefly discusses the molecular tools used in this work, i.e. 
molecular probes and enzymatic amplification mechanisms. Experimental 
equipment, materials and experimental procedures are summarised in Chap-
ter 5, followed by a summary of the most important results from the ap-
pended papers (Chapter 6). An overall summary and conclusion are given in 
Chapter 7, and these are followed by some suggestions for future work 
(Chapter 8) and appended papers (Chapter 9). Thereafter follows a thesis 
summary in Swedish, acknowledgements and references listed in alphabeti-
cal order. 
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2. Aims of the thesis 

The principal aim of this doctoral thesis concerns the development of a new 
magnetic biosensor principle, a potential platform for rapid, low-cost nano-
diagnostic devices, the Volume-Amplified Magnetic Nanobead Detection 
Assay (VAM-NDA). The bioassay is based on a combination of high per-
formance molecular tools, viz. padlock probe target recognition and rolling 
circle amplification (RCA), with changes in the Brownian relaxation behav-
iour of magnetic nanobeads induced by hydrodynamic volume changes. 
Secondary aim was to improve understanding of the interactions between 
magnetic beads in liquid suspension.  

In more detail, the aims of each appended paper were as follows: 

Paper I: To investigate aging phenomena in typical commercial ferrofluids 
which exhibited Brownian relaxation behaviour by measuring the frequency-
dependent complex magnetisation using a commercial Superconducting 
QUantum Interference Device (SQUID) magnetometer. The investigated 
experimental factors potentially affecting ferrofluidic stability included the 
effects of ultrasonication, temperature, DC bias magnetic field and the addi-
tion of Sodium Dodecyl Sulphate (SDS) surfactant. 

Paper II: To study how interactions between oligonucleotide-functionalised 
magnetic beads exhibiting Brownian relaxation behaviour change upon vary-
ing the amount of biomolecules attached per bead; more specifically, to find 
the optimal surface coverage for achieving optimal ferrofluidic stability. 
SPDP immobilisation chemistry was used for biofunctionalisation and a 
commercial SQUID magnetometer was used for measuring the complex 
magnetisation.  

Paper III: To provide a proof of principle for the VAM-NDA bioassay by 
demonstrating detection of a single-stranded target DNA. The impact of 
applying various sample preparation conditions was also investigated. SPDP 
coupling chemistry was used to synthesise probe-tagged beads and a com-
mercial SQUID was used for measuring changes in the dynamic magnetic 
properties of the beads. 
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Paper IV: To investigate how the VAM-NDA bioassay might be affected by 
varying bead size, detection probe surface coverage and enzymatic amplifi-
cation time when detecting a single type of target DNA. The experimental 
methodology was similar to that used in Paper III. 

Paper V: To demonstrate quantitative simultaneous duoplexing and qualita-
tive triplexing of target DNA using the VAM-NDA bioassay. The experi-
mental methodology was similar to that used in Papers III and IV. 
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3. General issues, theoretical considerations 
and biofunctionalisation of ferrofluids, and 
selected highlights of biosensor technology 

3.1 General issues and theoretical considerations of 
ferrofluids 
A ferrofluid, or magnetic fluid, is defined as a stable colloidal dispersion of 
magnetic beads and thus exhibits simultaneous liquid and magnetic proper-
ties (Odenbach, 2002; Scherer and Figueiredo Neto, 2005). The beads can be either 
superparamagnetic or thermally blocked. Superparamagnetic beads in sus-
pension exhibit strong field-induced magnetisation but negligible magnetic 
hysteresis whereas thermally blocked beads exhibit magnetic remanence and 
coercivity. The beads can consist of a variety of magnetic materials such as 
Fe3O4 (magnetite), �-Fe2O3 (maghemite), CoFe2O4 (cobalt ferrite), Co, Fe or 
Fe-C (Charles, 2002). Ferrofluids are currently obtained through a variety of 
chemical synthesis routes, e.g. precipitation, reverse micelle synthesis or 
hydrothermal processing; for an example of an extensive review, see Willard 
et al. (2004).  Other common synthetic methods include physical vapour 
deposition and mechanical attrition. Stable ferrofluids were first produced in 
the early 1960s (Papell, 1964) and thereafter the field of ferrofluid research 
developed quickly in chemistry (ferrofluid preparation), physics (fundamen-
tal description and characterisation) and engineering (Odenbach, 2004). Various 
types of magnetic beads with their surfaces modified to fit the needs of dif-
ferent life-science applications are now available (Li et al., 2003). The mag-
netic material used can be either ferromagnetic, i.e. a magnetic transition 
metal element or alloy (Neuberger et al., 2005), or ferrimagnetic, e.g. magnetite 
(Majewski and Thierry, 2007). At temperatures below 350 oC and for particle 
sizes less than 500 nm, particles of magnetite oxidise over time into ferri-
magnetic maghemite (Gillot et al., 1978; Hägg, 1969). The vast majority of pre-
pared magnetic bead systems use ferrimagnetic iron-oxides as the magnetic 
material, although ferromagnetic transition metal nanoparticles offer higher 
saturation magnetisation. The important properties of ferrofluids are the con-
centration of beads in solution, the content of magnetic material, the surface 
functionality and the shape and size of the beads. In most applications, it is 
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advantageous to use monodisperse beads, i.e. the beads should have the 
same size, shape and magnetic properties. 

In order to function properly in the various applications mentioned above, 
the ferrofluid must exhibit high colloidal stability, i.e. ferrofluidic stability. 
In order to understand how this can be achieved, one has to consider the 
different types of possible microscopic interbead interaction forces (Anton et 
al., 1990; Raj, 1996; Scherer and Figueiredo Neto, 2005; see also Papers I and II). 
Ferrofluidic stability depends on the gravity, thermal agitation and the bal-
ance between attractive (magnetic dipole-dipole and chemical bonding, e.g. 
van der Waals) and repulsive (steric and/or electrostatic) interactions (Scherer 

and Figueiredo Neto, 2005). In order to stabilise the ferrofluid with respect to 
aggregation, the magnetic beads typically have to be coated with a shell of 
an appropriate material. Ferrofluids can then be classified according to the 
coating into two main groups: surfacted if the coating is a surfactant mole-
cule, and ionic if it is an electrically charged shell (Scherer and Figueiredo Neto, 

2005; see also Paper I). Changes in the ferrofluidic stability over time, e.g. 
due to bead aggregation, sedimentation or both, are commonly denoted fer-
rofluidic aging (see Paper I). Numerous studies, both theoretical and ex-
perimental, on the aggregation of magnetic beads and ferrofluidic stability 
can be found in the scientific literature [see, for example,  Eberbeck et al. 
(2006), Eberbeck et al. (2003), Socoliuc and Bica (2002), Rabias et al. 
(2008), Cerdà et al. (2008) and Castro et al. (2005)]. 

The spherical magnetic beads utilised in the appended papers of this the-
sis were commercially produced. Their magnetic core consisted of a cluster 
of maghemite nanoparticles with a diameter in the range 10-15 nm (see Fig-
ure 3.1), held together by a non-magnetic host material (dextran) that de-
fined the total bead size.  The nanoparticle moments were thermally blocked 
at room temperature. Judging from their size, these nanoparticles should be 
in a single magnetic domain state. The physical mean diameters of the beads 
ranged from 40 nm to 250 nm, and the bead surface was either plain (non-
modified dextran) or consisted of amine-modified dextran (for further sur-
face modification); the beads were suspended in deionised water, as deliv-
ered.  
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Figure 3.1  Transmission electron microscopy image of the magnetic core, consist-
ing of a cluster of single domain maghemite nanoparticles, inside a typical magnetic 
bead used in this thesis. Adapted from Astalan et al. (2004). 

The dynamic magnetic response of a ferrofluid is described by the com-
plex magnetic susceptibility. According to the Debye theory of anomalous 
dispersion in dipolar fluids (Debye, 1929) (only one relaxation time is present 
in the system), the complex low-field (linear) susceptibility ( )ωχ  for an en-
semble of beads is given by 
 

∞
∞ +

+
−== χ
ωτ

χχωωχ
effAC iH

m
1

)(
)( 0 ,                        (3.1) 

 
where ω and ACH  are the angular frequency and amplitude of the applied 
AC magnetic field, respectively, ∞χ  is the high frequency susceptibility, 0χ  
is the low field static susceptibility, ( ) ( )ωωω mimm ′′−′=)(  is the complex 
magnetisation and effτ  is the characteristic effective relaxation time of the 
beads. )(ωm′ and )(ωm ′′ are sometimes denoted the in-phase and out-of-
phase components of the complex magnetisation, respectively. In particular, 

∞χ  depends on the response to the field component perpendicular to the axis 
of easy magnetisation of the nanoparticles. In this case, the relaxation, which 
has the character of resonance, is due to reorientation of magnetic moments 
without surmounting anisotropy energy barriers. The characteristic time for 
this process is of the order 0τ  (see below).  

The magnetic relaxation of a bead is governed by either of two relaxation 
mechanisms: Néel relaxation (Néel, 1949), where the magnetic moment rotates 
within the nanoparticles, or Brownian relaxation (Brown, 1963a), where the 
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entire bead rotates in response to the AC magnetic field. In the case of Néel 
relaxation, the magnetic moment needs to overcome an anisotropy energy 
barrier pb KVE =  with the relaxation time expressed as (Brown, 1963b) 
 

( )βττ /exp0 bN E= ,                                                                                    (3.2) 

 
where K  is the magnetic anisotropy constant, pV  is the nanoparticle vol-
ume, kT=β  is the thermal energy and 0τ  is a weakly temperature- and 
volume-dependent microscopic relaxation time, typically of the order 10-10 s 
(Svedlindh et al., 1997). In contrast, for Brownian relaxation, the characteristic 
relaxation time is given by 
 

)/3( βητ BB V= .                        (3.3) 
 
Here, BV  is the bead hydrodynamic volume and η  is the dynamic viscosity 
of the carrier liquid. The relaxation time can be obtained experimentally 
from the Brownian relaxation frequency ( ) 12 −= BBf πτ , which is the fre-
quency characterising the position of the peak in the m ′′  vs. frequency spec-
trum. Moreover, when working close to room temperature and using water 
as the solvent, beads used in the present work will have a Brownian relaxa-
tion time of around 1 ms while, for the majority of the nanoparticles in the 
magnetic core, the Néel relaxation time will be much longer than 1 s. Since 
the process will be dominated by the shortest relaxation time, effτ  can, to a 
good approximation, be given by Bτ , since 111 −−− += NBeff τττ . All the beads 
used in this thesis thus exhibited mainly Brownian relaxation behaviour in 
liquid samples. Figure 3.2 schematically illustrates Néel and Brownian re-
laxation of single magnetic beads and Brownian relaxation of a chain-like 
aggregate of beads. Magnetic bead relaxation can also be measured in the 
time domain. This is accomplished by detection of the time-dependent mag-
netisation of the nanobeads following a step-change in applied magnetic 
field; for a detailed description, see Eberbeck et al. (2006). 

To account for relaxation time distributions, the Cole-Cole model (Cole and 

Cole, 1941) gives the following empirical expression for the complex magneti-
sation 
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where ∞m  and 0m  are the high and low frequency limits of the complex 
magnetisation, respectively, effτ  refers to the average effective relaxation 
time and the parameterα  ( 10 << α ) is a measure of the relaxation time 
distribution width; the narrower the distribution, the closer α  is to zero. A 
distribution of relaxation times could, for instance, be the result of a polydis-
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perse ferrofluid, i.e. a distribution of bead sizes, the presence of bead aggre-
gates or a range of hydrodynamic volumes. The Argand diagram representa-
tion, showing )( fχ ′′  as a function of )( fχ′ , was used in Papers I and II 
for analysing some of the complex magnetisation data. When there is a De-
bye response, all data points in such a diagram are expected to gather on a 
semicircle, centred on the )( fχ′ axis and with a diameter equal to ∞− χχ 0 . 
However, experimental data very seldom form perfect semicircles; they will 
usually form circular arcs because of the relaxation time spectrum of the 
system.  

As concluded in Paper I, applying even a small DC magnetic bias field, 

DCH , promotes the formation of chainlike bead aggregates, which in turn 
will have a strong impact on the relaxation time spectrum, yielding charac-
teristic relaxation times considerably longer than would be expected for sin-
gle beads. The expression (Garcia de la Torre et al., 1984; Erné et al., 2003) for the 
rotational diffusion coefficient of spherocylinders can be used to approxi-
mate the relationship between the relaxation frequency and the chain length 
according to: 
 

( )21
3

050.0917.0662.0ln
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ω
ω

 .                     (3.5)                        

 
Here, N is the number of beads in the chain ( 2≥N ), Bω  and chainω  are the 
characteristic frequencies of a single bead and a chain of beads, respectively, 
and 

1−= BB τω . The formation of chainlike aggregates in ferrofluids has 
been studied using electron microscopy (Erné et al., 2003; Butter et al., 2003a; But-

ter et al., 2003b), by means of theoretical considerations (Ivanov et al., 2006) and 
by measuring the complex magnetisation (Fannin and Giannitsis, 2004). 
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Figure 3.2 Schematic illustration of (a) Néel relaxation of a magnetic bead, (b) 
Brownian relaxation of a bead, and (c) Brownian relaxation of a chain-like aggregate 
of magnetic beads. Adapted from Erné et al. (2003). 

3.2 Biofunctionalisation of ferrofluids - SPDP coupling 
chemistry 
Surface modification of magnetic beads is often necessary in order to 
achieve high ferrofluidic stability or solubility in a certain solvent environ-
ment, or in order to introduce molecular entities onto the surface to act as 
sites for further modification or as molecular probes in biotechnological 
applications. Immobilisation of biomolecules on the surface of magnetic 
beads is a process commonly denoted biofunctionalisation.  
Numerous publications on the biofunctionalisation of magnetic beads exist 
in the scientific literature. For example, the surfaces of magnetic beads have 
been modified by the attachment of biomolecules such as proteins (Ma et al., 
2005; Yu et al., 2007; Wang and Lee, 2003), polypeptides (Aurich et al., 2007; Josephson 

et al., 1999) and antibodies (Gong et al., 2007; Enpuku et al., 2004). In particular, 
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conjugation of magnetic beads with short single-stranded DNA molecules 
(oligonucleotides) has for example been performed by  Lee et al. (2006), 
Kouassi and Irudayaraj (2006), Robinson et al. (2005), Wagner et al. (2004) 
and Josephson et al. (2001). 

Since Papers II-V deal with oligonucleotide functionalisation of mag-
netic beads using SPDP coupling chemistry, some general issues will be 
mentioned about this. The N-succinimidyl 3-(2-pyridyldithio)propionate 
(SPDP) molecule is a heterobifunctional cross-linker, which can be used to 
cross-link an amine group-containing entity and an aliphatic thiol group-
containing entity through a disulphide bridge. SPDP coupling chemistry, 
first demonstrated by Carlsson et al. (1978), is a reversible covalent immobi-
lisation method since the disulphide bond can be reduced with dithiothreitol 
(DTT), thereby cleaving the bridge. Figure 3.3 schematically illustrates how 
thiolated single-stranded oligonucleotides can be conjugated to magnetic 
beads with amine groups on their surfaces. For cross-linking other entities, 
the procedure is analogous. In step I, primary amine groups on the bead sur-
face are SPDP-activated by reaction with the N-hydroxysuccinimide ester 
group of the SPDP molecule. In step II, oligonucleotide molecules attach to 
the bead by a reaction between the oligonucleotide thiol group and the 2-
pyridyl disulphide group of the SPDP molecule.  

Briefly, the practical modification procedure begins with resuspension of 
the beads in PBS buffer (pH ~ 7) followed by addition of SPDP dissolved in 
dimethylsulphoxide (DMSO); the mixture is then incubated at room tem-
perature for about 1 hr. After washing the beads by exchanging the solvent a 
number of times (magnetic purification steps), DTT-reduced 5’-SH-
modified oligonucleotides are added and the mixture is incubated at room 
temperature overnight. After washing, any remaining SPDP-activated amine 
groups are blocked by incubation with iodoacetamide at room temperature 
for ~ 1 hr, thereby alkylating these sites. After some final washing steps, the 
as-synthesized batch is obtained. While magnetic purification of the larger 
beads is conducted using an ordinary permanent magnet, smaller bead sizes 
may require the use of a centrifuge or a high-gradient magnetic field separa-
tor. The oligonucleotide coupling yield can be analysed using fluorescence-
labelled oligonucleotides, see Papers III-V, or by radiolabelling the oli-
gonucleotides, see Paper II. As found in Papers II-V, the coupling yield 
after using the SPDP coupling method is typically only a few percent at the 
best. In fact, SPDP coupling is a relatively unstable or “short-lived” method 
since the reduced oligonucleotides dimerise relatively quickly and the SPDP 
molecule hydrolyses easily. Carbodiimide and cyanogene bromide coupling 
methods provide more stable oligonucleotide coupling (Lund et al., 1988). 
However, an extensive review of alternative covalent bioconjugation meth-
ods for magnetic beads is outside the scope of this thesis. 
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Figure 3.3 Schematic illustration of covalent immobilisation of thiolated single-
stranded oligonucleotides on magnetic beads with amine groups using SPDP cou-
pling methods. In step I, the N-hydroxysuccinimide ester group of the SPDP mole-
cule reacts with the amine group on the bead and, in step II, the 2-pyridyl disulphide 
group of the SPDP molecule reacts with the oligonucleotide thiol group. Adapted 
from Paper II. 

3.3 Selected highlights of biosensor technology 
As mentioned in the introduction to this thesis, biosensors offer enormous 
potential for detecting a wide range of analytes in health care, the food in-
dustry and environmental monitoring. According to Turner et al. (1987), a 
biosensor is defined as a compact analytical device incorporating a biologi-
cal or biologically-derived sensing element either integrated within or inti-
mately associated with a physicochemical transducer. The usual purpose of 
a biosensor is to produce either discrete or continuous digital electronic sig-
nals which are proportional to the quantities of a single analyte or a related 
group of analytes (Turner et al., 1987). Generally speaking, a biosensor consists 
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of three components: A biological detection system, a transducer and an 
output system (Collings and Caruso, 1997), see Figure 3.4. There is a wide range 
of available transduction mechanisms, including electrochemical (potenti-
ometry, amperometry, voltametry), electrical (conductivity, capacitance), 
thermal (calorimetry, enzyme thermistor), magnetic, optical (fluorescence, 
luminescence, reflection, absorption, light scattering, surface plasmon reso-
nance, evanescent waves) and piezoelectric (quartz crystal microbalance, 
surface acoustic wave) (Collings and Caruso, 1997). The critical features of a 
biosensor are the selectivity of the biodetector for the specific target analyte 
and its ability to maintain this selectivity in the presence of other, potentially 
interfering, species. For commercial applications, the biosensor should be 
able to be miniaturised, user-friendly, and of low cost and should essentially 
provide real-time measurements (Collings and Caruso, 1997). Nanotechnology, in 
particular, is playing an increasingly important role in the development of 
biosensors, and the performance of biosensors is being continually improved 
by the use of nanomaterials for their construction. The use of nanomaterials 
has also implied introduction of many new signal transduction technology 
systems in biosensors and nanosensors, nanoprobes and other nanosystems 
have been utilised for performing simple and rapid analyses in vivo (Jianrong 

et al., 2004). 
 

 
Figure 3.4 Simplified illustration of a biosensor device. Adapted from Collings and 
Caruso, (1997). 

A brief historical summary of the development of biosensors follows. 
Prof. Leland C. Clark Jr. (upper part of Figure 3.5) is considered to be the 
father of the biosensor concept as a result of his paper on the oxygen elec-
trode in 1956 (lower part of Figure 3.5) (Clark, 1956).  
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Figure 3.5 Prof. Leland C. Clark (upper part), the father of biosensors, and his oxy-
gen electrode invented in 1956 (lower part). Adapted from website 
http://people.clarkson.edu/~ekatz/scientists/clark_leland.htm. 

In the early 1960s, Clark’s research group developed the idea of designing 
glucose biosensors by making electrochemical sensors more “intelligent" by 
adding enzyme transducers as membrane-enclosed sandwiches. The concept 
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was illustrated by an experiment in which glucose oxidase was entrapped at 
an oxygen electrode using a dialysis membrane. The decrease in the meas-
ured oxygen concentration was proportional to the glucose concentration and 
the term enzyme electrode was thereby established (Clark, 1962). A few years 
later, the experimental details necessary to build functional enzyme elec-
trodes for glucose were expanded (Updike and Hicks, 1967). The first detailed 
report on a potentiometric enzyme electrode was given in 1969 by Guilbault 
and Montalvo (1969); in their report, they described a urea sensor based on 
urease immobilised at an ammonium-selective liquid membrane electrode. 
Clark's glucose biosensor concepts were commercialised during the mid 
1970s in the form of a glucose analyser based on the amperometric detection 
of hydrogen peroxide. This was the first of many biosensor-based laboratory 
analysers to be built by companies around the world. In 1974, two types of 
thermal transducers for biosensors were proposed: Thermal enzyme probes 
(Cooney et al., 1974) and enzyme thermistors (Mosbach and Danielsson, 1974). In 
1975, the concept of microbial electrodes for the measurement of alcohol 
was established by Divis (1975) and, in the same year, Lubbers and Opitz 
(Lubbers and Opitz, 1975) introduced the term optode to describe a fibre-optic 
sensor with an immobilised indicator for measuring carbon dioxide or oxy-
gen. They later extended the concept to make an optical biosensor for alco-
hol by immobilising alcohol oxidase on the end of a fibre-optic oxygen sen-
sor (Voelkl et al., 1980). The idea of building direct immunosensors by fixing 
antibodies to a piezoelectric or potentiometric transducer had been explored 
since the early 1970s, but it was a paper by Liedberg et al. (Liedberg et al., 
1983) that finally lead to commercialisation. This paper described the use of 
Surface Plasmon Resonance (SPR) for monitoring affinity reactions in real 
time. The Biacore company in Sweden was founded on this idea. Immunoas-
says using radioactive and enzyme reporter labels were invented during the 
early 1960s and 1970s, respectively, and later became widely used diagnos-
tic tools in healthcare. These were denoted Radioactive ImmunoAssays 
(RIAs), Enzyme ImmunoAssays (EIAs) and Enzyme-Linked ImmunoSorbent 
Assays (ELISAs); for a historical review, see Lequin (2005). Fluorescence 
microarray technology (Venkatasubbarao, 2004), which evolved from Southern 
blotting, where fragmented DNA is attached to a substrate and then probed 
with a known gene or fragment, revolutionised high-throughput detection of 
nucleic acid targets during the 1990s. The use of a collection of distinct 
DNAs in arrays for expression profiling was first described in 1987 (Kulesh et 
al., 1987), and the arrayed DNAs were used to identify genes whose 
expression is modulated by interferon. These early gene arrays were made 
by spotting cDNAs onto filter paper with a pin-spotting device. The use of 
miniaturised microarrays for gene expression profiling was first reported in 
1995 (Schena et al., 1995) and the concept DNA microarray was thereby 
introduced. A complete eukaryotic genome on a microarray was published in 
1997 (Lashkari et al. 1997). Microarrays have been commercialised (e.g. by 
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Affymetrix) as gene chips. The development of magnetic biosensors was 
initiated during the 1980s with the discovery of the Giant Magneto 
Resistance (GMR) effect (Baibich et al., 1988; Binasch et al., 1989) and started to 
be realised during the late 1990s when Baselt et al. (1998) suggested taking 
advantage of the, by then, well-developed field of GMR sensors for mag-
netic bead label detection. The sensor chip used in this original work was 
named the Bead ARray Counter (BARC); a device belonging in the category 
of magnetic biochip technology (Graham et al., 2004; Megens and Prins, 2005) 

Biosensor research is currently investigating a wide variety of devices 
aimed at detecting biological targets such as enzymes, nucleic acids, cell 
receptors, antibodies and intact cells, in combination with various transduc-
tion mechanisms (Collings and Caruso, 1997). These biosensor devices can be 
applied to a vast range of analytical problems in health care, food and drink, 
the process industries, environmental monitoring, defence and security 
(Collings and Caruso, 1997). The design of integrated systems, approaches to 
patterning sensitive elements and methods of improving the sensitivity, sta-
bility and selectivity of biosensors are key areas. 

A short review of the most common currently available biosensor tech-
nologies is provided below along with a brief description of how each prin-
ciple works and how it is used in biodiagnostics. The first and second parts 
of the next section focus on non-magnetic and magnetic biosensing princi-
ples, respectively. 

3.3.1 Non-magnetic bioassays 
The currently available biosensors that rely on non-magnetic transduction 
mechanisms include fluorescence-based DNA microarrays (Park et al., 2006; 

Ramsay, 1998), electrochemical biosensors (Bakker, 2004; Wang, 2006; Pumera et al., 
2007), acoustic biosensors (Gronewold, 2007; Chivukula et al., 2007), cantilever 
biosensors (Fritz, 2008) and various kinds of label-free optical biosensors (Fan, 

2008). While the cited references provide extensive reviews of each bioassay 
principle, a summary of the main characteristics of each type of biosensor 
technology is provided below.  

Because of their capacity for parallel detection, DNA microarrays or 
DNA chips are powerful tools for high throughput analysis of nucleic acids. 
This type of technology has been successfully applied to the simultaneous 
expression of many thousands of genes and to large-scale gene discovery, as 
well as polymorphism screening and mapping of genomic DNA clones. An 
efficient assay format is needed for effective DNA microarray analysis, and 
a variety of assay formats have been developed. A DNA microarray is gen-
erally defined as a monolithic solid substrate (typically of glass or nylon) 
immobilised with hundreds or thousands of DNA probes (capture probes), 
each of which can recognise a complementary DNA strand by hybridisation, 
leading to a signal that is detected by imaging technology. The chip is typi-
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cally fabricated in an automated manner by high-speed robotics. The signals 
resulting from the specific hybridisation reactions are detected in various 
ways, including fluorescence-based methods, electrochemical methods, mass 
spectroscopy or radiolabelling. Despite these advantages of the fluorescence-
based assay formats over other methods for the analysis of DNA microar-
rays, including easy implementation, high sensitivity and multiplexing capa-
bilties, they have been associated with some intrinsic disadvantages, includ-
ing interference of fluorescent dyes with nucleic acid stacking, background 
fluorescence, and photobleaching of the fluorophores. Furthermore, these 
assays require bulky and expensive instruments to obtain image data on the 
array. The need for such instruments significantly hinders the development 
of on-site or point-of-care clinical applications of DNA microarrays based 
on fluorescence detection. The biggest limitation, however, is the necessity 
for the labelling of the target nucleic acid, since this is time consuming and 
usually expensive and can also cause erroneous results by introducing varia-
tion into the fluorescent signal of the target probes. A number of alternative 
label-free methodologies have been developed, including electrochemical 
detection, SPR, Atomic Force Microscopy (AFM), acoustic detection and 
mass spectrometry, which aim to detect hybridisation directly without target 
labelling. However, since almost none of them achieve the limit of detection 
and sensitivity of fluorescence-based methods, the fluorescence-based assay 
is still the most widely used. Target probes are usually amplified prior to 
their hybridisation on the array, most commonly by the Polymerase Chain 
Reaction (PCR) (see Chapter 4), since the concentration of the target probe 
in the sample is not high enough to allow for detection by conventional in-
struments (Park et al., 2006; Ramsay, 1998). Protein microarrays are also avail-
able; for a review seeTemplin et al. (2002). 

Electrochemical biosensors have played a significant role in the develop-
ment of point-of-care diagnostic devices. For instance, modern electro-
chemical bioaffinity sensors, such as DNA- or immunosensors, offer re-
markable sensitivity, which is essential for early cancer detection. The cou-
pling of electrochemical devices with nanoscale materials, such as nanopar-
ticles and nanowires, also offers a unique multiplexing capacity for 
simultaneous measurement of biomarkers. Electrochemical biosensors are 
molecular sensing devices that intimately couple a biological recognition 
element to an electrode transducer. Amperometric and potentiometric trans-
ducers are the most commonly used electrochemical biosensors. In potenti-
ometric devices, the analytical information is obtained by converting the 
biorecognition process into a potential signal by using ion-selective elec-
trodes. Amperometric biosensors operate by applying a constant potential 
and monitoring the current associated with the reduction or oxidation of the 
electroactive species involved in the recognition process. An amperometric 
biosensor may be more attractive because of its high sensitivity and wide 
linear range. The high sensitivity, specificity, simplicity, and miniaturisation 
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potential of modern electrical bioassays make them powerful alternatives to 
even the most advanced optical sensors. To mention a concrete example in 
biodetection, electrochemical devices are used for detection of DNA hybridi-
sation. These sensors rely on the conversion of the DNA base-pair recogni-
tion event into a detectable electrical signal. The hybridisation event is 
commonly detected via an increased current signal in an electroactive indica-
tor (which preferentially binds to the DNA duplex), in conjunction with the 
use of enzyme or redox labels, or from other hybridisation-induced changes 
in electrochemical parameters (e.g., conductivity or capacitance). Electro-
chemical immunoassays rely on labelling the antibody (or antigen) with an 
enzyme which acts on a substrate and generates an electroactive product that 
can be detected amperometrically. Enzyme immunosensors can employ 
competitive or sandwich modes of operation. In addition to enzyme labels, it 
is possible to use metal markers and redox tags for electronic transduction of 
antigen–antibody interactions (Bakker, 2004; Wang, 2006; Pumera et al., 2007).  

Optical biosensors are powerful bioassay tools which have many advan-
tages, such as no electromagnetic interference, the capacity to allow for re-
mote sensing, and the ability to provide multiplexed detection within a single 
device. Optical biosensors employ either fluorescence-based detection or 
label-free detection. In fluorescence-based detection, either target molecules 
or biorecognition molecules are labelled with fluorescent tags, such as dyes; 
the intensity of the fluorescence indicates the presence of the target mole-
cules and the strength of the interaction between target and biorecognition 
molecules. As mentioned earlier, while fluorescence-based detection is ex-
tremely sensitive, with the detection limit down to a single molecule, it suf-
fers from laborious labelling processes that may also interfere with the func-
tion of the biomolecule. Quantitative analysis is challenging because of the 
fluorescence signal bias, as the number of fluorophores on each molecule 
cannot be precisely controlled. In label-free detection, target molecules are 
not labelled or altered, and are detected in their natural forms. This type of 
detection is relatively easy and cheap to perform, and allows for quantitative 
and kinetic measurements of molecular interaction. Despite all these differ-
ences between fluorescence-based and label-free detection, both protocols 
are currently widely used in optical sensors and provide vital and comple-
mentary information regarding interactions among biomolecules. This makes 
optical sensors more versatile than other types of sensing technologies, such 
as Surface Acoustic Wave (SAW) and Quartz Crystal Microbalance (QCM), 
where only label-free detection can be implemented. Many kinds of optical 
biosensors exist; for example, they can be based on SPR, interferometry, 
optical waveguides, optical ring resonators, optical fibres or photonic crys-
tals (Fan, 2008).  

SAW sensor devices use piezoelectric materials to generate an acoustic 
wave. A SAW is an acoustic mechanical wave whose propagation is con-
fined to the surface of a cut piezoelectric crystal. Coupling to any medium 
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that contacts the surface strongly affects the velocity and/or amplitude of the 
wave. The coating of the sensor surface, for example with antibodies, de-
fines the application of the sensor. A biosensor is created when the coating 
binds to specific biological components of liquids. In contrast to SAW sen-
sors, QCM sensors are wave sensors where the wave propagates in the bulk 
of the piezoelectric substrate. This makes QCM sensors less sensitive than 
SAW sensors. Besides these sensor types, acousto-optic and photoacoustic 
sensors also exist. SAW sensors have been used for the detection of patho-
gens in food, water and air, for medical diagnostics and for the detection of 
illicit drugs (Gronewold, 2007; Chivukula et al., 2007). 

Microfabricated cantilever sensors, which originate from AFM, are widely 
used in molecular life science and respond to changes in their environment or 
changes on their surface by mechanically bending in the order of nanometers. 
They can detect changes in pH, temperature, formation of self-assembled 
monolayers, DNA hybridisation, antigen-antibody interactions and so forth. 
The micrometer scale cantilevers are typically made of silicon or silicon ni-
tride and the cantilever surface is modified to include probes for biosensing. 
This type of nanoscale cantilever bending is typically detected by optical 
beam deflection. Various modes of operation are available (Fritz, 2008).  

3.3.2 Magnetic biosensors 
As mentioned earlier, using magnetic beads in biosensing applications offer 
unique advantages. Among the vast range of affinity biosensor systems 
based on biomolecular recognition and labelling assays, magnetic labelling 
and detection is emerging as a promising new approach. Magnetic labels can 
be non-invasively detected by a wide range of methods, are physically and 
chemically stable, are relatively inexpensive to produce, and can be easily 
made biocompatible. A brief but relatively complete review of currently 
existing magnetic biosensor types can be found in Tamanaha et al. (2008). 
Generally, magnetic biosensing principles are classified as being either sub-
strate-based (magnetic biochip technology) or substrate-free (lab-on-a-bead 
technology). GMR biosensors (Wang and Li, 2008; Graham et al., 2004; Megens and 

Prins, 2005), micro-Hall devices (Mihajlovi�, 2006; Boero et al., 2003), SQUID chip 
biosensors (Chemla et al., 2000; Matz et al., 1999) and inductive magnetic field 
sensors (Berggren Kriz et al., 1996; Richardson et al., 2001a,b) belong to the former 
category while the Brownian relaxation biosensor method (Connolly and St 

Pierre, 2001) belongs to the latter. A paradigm shift from lab-on-a-chip to lab-
on-a-bead technology is anticipated by the scientific community in the near 
future. A summary of the most frequently encountered magnetic sensor types 
is given below. 
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3.3.2.1 Magnetic biochip technologies 
Since the late 1990s, magnetoelectronics has emerged as a potential new 
platform for biochip development. Magnetic biochip technologies are based 
on the detection of the magnetic fringe field of biofunctionalised microme-
ter- or nanometer-sized superparamagnetic labels interacting with a com-
plementary biomolecule that is bound to a high-sensitivity microfabricated 
magnetic field sensor (GMR or micro-Hall). The magnetic field sensor tech-
nology in the form of GMR or Hall devices offers high sensitivity (in princi-
ple even allowing the detection of a single molecular interaction), a stable 
labelling system, low background noise and relatively low-cost read-out 
equipment.  

GMR sensors rely on the GMR effect, which is based on the spin-
dependent interfacial and bulk scattering asymmetry that is found with spin-
up and spin-down conduction electrons crossing ferromagnetic-
nonmagnetic-ferromagnetic multilayer structures, where the parallel and 
antiparallel alignment of the ferromagnetic layers can be engineered. An 
applied magnetic field is used to change the relative orientation of the mag-
netisation directions of the magnetic layers. When the magnetisation direc-
tions are aligned, the electrical resistance of the structure is low, while when 
the magnetisation directions of neighbouring layers are antiparallel, the re-
sistance is high. The sensor is sensitive mostly to the field components in the 
plane of the sensor; any in-plane field decreases the resistance. A slightly 
different effect can be achieved by using an antiferromagnet next to a pair of 
spaced ferromagnetic layers. The antiferromagnet provides exchange biasing 
for the adjacent magnetic layer, pinning its magnetisation direction. The 
other magnetic layer is free to rotate. This leads to a linear dependence of the 
resistance on the magnetic field. The resulting device is known as a spin 
valve, since applying an external field effectively acts as a valve for one of 
the electron spins. Spin valves are sensitive not only to the magnitude but 
also to the direction of the field in the plane. GMR and spin-valve sensors 
are the most common sensor types, but are expected to be replaced by bio-
sensors based on Tunneling Magneto-Resistance (TMR) in near future. TMR 
sensors differ in that an insulating layer is used to separate a pair of ferro-
magnetic layers and offer higher sensitivity compared to GMR and spin-
valve sensors. Silicon Hall sensors fabricated by standard CMOS technology 
rely on the classical Hall effect. In this, charge carriers in a current-carrying 
conductor are pushed to one side of the conductor by the transverse Lorentz 
force created by an applied magnetic field. The charge buildup at the sides of 
the conductor generates a measurable electric field (or Hall voltage) with a 
direction perpendicular to both the direction of the applied magnetic field 
and the current direction. Single thin-film planar Hall sensors are based on 
the Anisotropic Magneto Resistive (AMR) effect, which originates from the 
change in material resistance when the magnetisation changes from parallel 
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to transverse with respect to the direction of current flow. The AMR effect is 
present in ferromagnetic materials.  

Generally, two types of sandwich detection schemes are available when 
dealing with magnetoresistive and Hall biosensors. In the first and simplest 
type, the biomolecule target is conjugated to magnetic beads and the conju-
gated beads are passed over a magnetic field sensor array where the sensor 
surfaces have been functionalised with complementary or non-
complementary probe molecules. The presence of the magnetic labels is 
detected via a change in sensor resistance at a fixed sense current. After 
washing away the unbound labels, residual sensor signals are obtained where 
the probes and targets have successfully interacted. This is denoted direct 
labelling. In the second type, the targets are labelled with a small biochemi-
cal label, e.g. biotin. Biotinylated target molecules, bound to complementary 
surface-bound probe molecules, are then detected by introducing magnetic 
labels modified by the attachment of streptavidin, which is complementary 
to biotin. This is denoted indirect labelling.  

Detection using a magnetoresistive sensor is accomplished by applying a 
magnetic field to the sensor chip using an electromagnet. This induces a net 
magnetic moment in the magnetic labels, and the sensor is biased within the 
linear region of the magnetoresistive response curve. The direction of the 
applied field depends on the type of sensor. Figure 3.6 displays measure-
ment schemes for a spin valve and a Hall cross sensor. Magnetoresistive 
biochips are typically of mm size and consist of an arrangement of single or 
multiple sensing elements in a series of sensing zones, in order to facilitate 
multi-analyte detection. This setup is commonly denoted a magnetic mi-
croarray (Wang and Li, 2008; Graham et al., 2004; Megens and Prins, 2005; Mihajlovi�, 

2006; Tamanaha et al., 2008).   
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Figure 3.6 Measurement schemes for (a) a spin valve sensor and (b) a planar Hall 
sensor. Adapted from Graham et al. (2004). 

Matz et al. (1999) describe a SQUID chip-based biosensing device for 
immunoassays. This homogeneous bioassay principle is denoted MAgnetic 
Relaxation/Remanence ImmunoAssay (MARIA). The device involves two 
multiloop DC SQUID chip magnetometers arranged as an electronic gradi-
ometer embedded in a liquid He dewar, see Figure 3.7.  
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Figure 3.7 Schematic illustration of the SQUID chip-based immunoassay biosensing 
system described in Matz et al. (1999). The setup consists of sample, liquid helium 
dewar, electronic gradiometer SQUIDs, Flux Locked Loop electronics (FLL), mag-
netisation coils, control unit, data acquisition unit and computer. Adapted from Matz 
et al. (1999). 

The antigen is incubated on the surface of a polystyrene test tube, followed 
by addition of a liquid immersion of magnetic nanobeads labelled with anti-
bodies. The antigen-antibody binding reaction immobilises the beads on the 
sensor surface and the quantity of immobilised beads is detected either by 
the relaxation the sample magnetisation or by the magnitude of the remanent 
magnetisation. In the first setup, the Néel relaxation of the immobilised 
beads is measured. When an adequate measurement time window is used, 
only immobilised beads contribute to the measured relaxation signal via the 
Néel mechanism. Non-immobilised beads in the liquid sample have a 
Brownian relaxation time shorter than the measurement time window and 
thus do not contribute to the relaxation signal. The relaxation measurement 
is accomplished by first exposing the sample to a static magnetic field for a 
specific time, followed by field switch-off. After a small delay, the sample 
magnetisation is measured for a specific time interval. This procedure can be 
repeated a number of times and averaged in order to increase the signal-to-
noise ratio. The second method begins with exposing the sample to a static 
magnetic field and then reducing the field to zero, followed by measuring the 
magnetic flux generated by the sample by removing the sample from the 
SQUID sensor. The resulting magnetic flux change reflects the remanent 
magnetisation of the immobilised nanobeads. Chemla et al. (2000) demon-
strated a more sensitive realisation of this technique, resulting in ultrasensi-
tive immunoassays. This was achieved by using a high transition tempera-
ture DC SQUID “microscope”, where the SQUID only requires liquid N2 
cooling while allowing a sample at room temperature to come as close as 40 
�m to the SQUID detector. An LOD of around 4105 ⋅  magnetic nanobeads 
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was achieved; this corresponds to an equal number of targets if each is 
bound to a single magnetic nanobead. Although SQUID-based biochips are 
very sensitive and offer homogeneous assay formats, the instrumentation is 
complicated, large in size and rather expensive and the SQUID sensor re-
quires cooling with liquid N2 or He.   

Inductive sensors offer a useful magnetic transducer format for affinity as-
says. Berggren Kriz et al. (1996) reports on such a sensor concept. Analyte 
recognition was accomplished in a gel carrier in the presence of labelled fer-
romagnetic beads, using a sandwich assay to capture the beads in the gel. 
After washing the gel to remove non-captured beads, the carrier was trans-
ferred to a glass measurement vessel which in turn was inserted in a measur-
ing coil in a Maxwell bridge. The presence of beads increased the magnetic 
permeability of the material inside the coil, thus changing the coil inductance 
and the voltage response, which was related to the quantity of captured beads. 
The biosensor allowed real-time monitoring of the bead capturing process. 
Later on, Richardson et al. (2001a,b) reported a similar approach, but in this 
case the analyte recognition resulted in binding of micron-sized paramagnetic 
beads on a plastic strip through a solid-phase sandwich assay. This strip was 
then placed in a coil in parallel with a capacitor and the presence of the beads 
caused the resonant frequency of the coil to decrease in a manner directly 
related to the quantity of beads trapped on the strip. Figure 3.8 schematically 
illustrates the biosensing setup. The instrument, with a phase-locked loop 
circuit for resonant frequency determination, exhibited a LOD of 5101⋅  
beads and showed a linear response for up to at least 6103 ⋅  beads.  

 
Figure 3.8 Schematic illustration of the inductive biosensor setup presented by 
Richardson et al. (2001a). After carrying out target recognition, which resulted in 
the capture of ParaMagnetic Particles (PMPs) on a plastic strip, the number of PMPs 
on the strip was determined by inserting the strip into a coil in parallel with a capaci-
tor and measuring the resonant frequency. Adapted from Richardson et al. (2001a). 
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3.3.2.2 Substrate-free strategies (lab-on-a-bead technology) 

The Brownian relaxation biosensor principle, which was theoretically de-
scribed in Connolly and St Pierre (2001), belongs in the lab-on-a-bead cate-
gory. This principle relies on the use of biofunctionalised (attachment of 
probes) magnetic beads exhibiting Brownian relaxation behaviour in liquid 
suspension. The presence of the complementary target in the sample in-
creases the bead hydrodynamic volume by probe-target binding events on 
the surface of the beads. This in turn increases the Brownian relaxation time 
of the beads or, equivalently, decreases the Brownian relaxation frequency 
of the beads, see Equation 3.3. The probe-target binding interaction could, 
for example, be antigen-antibody or ssDNA-ssDNA (ss stands for single-
stranded). This biosensor concept, schematically illustrated in Figure 3.9, is 
very powerful because of its lab-on-a-bead nature, its homogeneous assay 
format, and the fact that it generates a useful signal in both the presence and 
absence of the target, thus providing an inherent check for integrity. Fur-
thermore, it only requires one binding event and it also gives additional in-
formation about the size of the target. Theoretically, only one binding reac-
tion per bead would be required to determine the presence of the target, and 
quantitative analysis would be possible since the higher the amount of target 
present, the larger the increase in bead hydrodynamic volume. However, 
when the target molecule is much smaller than the probe-tagged bead, as is 
the case for short ssDNA targets, the frequency shift is very small. This can 
considerably limit the sensitivity. In this thesis, a more sophisticated imple-
mentation of the Brownian relaxation biosensor principle will be described 
(Chapter 6), where the bead hydrodynamic volume increase is much larger 
than in the classical assay setup. 

 
Figure 3.9. Schematic illustration of the Brownian relaxation biosensor principle. 
Magnetic beads (coloured spheres) in liquid suspension, exhibiting Brownian relaxa-
tion behaviour, are modified to include probe molecules (yellow y-shaped items) 
complementary to a biomolecular target (blue rectangles). When the target is pre-
sent, the bead hydrodynamic volume increases as a result of probe-target binding 
reactions on the bead surface. This results in decreased Brownian relaxation fre-
quency for the beads. Adapted from ImegoMagazine (2005). 
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Astalan et al. (2004) quantitatively analysed Prostate Specific Antigen 
(PSA) by monitoring the frequency shift in the Brownian relaxation biosen-
sor scheme. Thermally blocked 130 nm magnetite beads coated with anti-
PSA were used and the frequency-dependent complex magnetic susceptibil-
ity spectra (10-10000 Hz) were recorded using induction coils combined 
with a lock-in amplifier technique. The bead Brownian relaxation frequency 
was found to decrease with increasing PSA concentration and a frequency 
shift resolution of about 10 % was achieved. A rather modest detection sen-
sitivity of 0.3 pmol PSA in a sample volume of 25 �l was obtained, although 
the authors claimed that this could be considerably improved by system op-
timisation. For instance, using beads with a narrower size distribution would 
enhance the frequency shift resolution to about 1 %. Chung et al. (2005) 
developed a similar frequency shift bioassay; they used an inductive AC 
magnetisation measuring technique, but assayed S-protein using avidin-
coated magnetic beads. In addition, they demonstrated detection of bioti-
nylated T7 bacteriophage which crosslinked the beads, resulting in a large 
suppression of the Brownian relaxation frequency. This demonstrated the 
opportunity to distinguish between various possible targets. Hong et al. 
(2006) demonstrated quantitative avidin analysis using biotin-coated mag-
netic beads. The presence of avidin induced bead cluster formation which, in 
turn, gave rise to a reduced AC magnetic susceptibility. 
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4. Molecular tools 

As emphasised in the introduction, highly specific target recognition meth-
ods are necessary for the development of effective biosensing strategies, 
which usually rely on a binding reaction between a probe molecule and the 
target it matches, thereby creating a probe-target complex, e.g. antibody-
antigen or ssDNA-ssDNA. As pointed out in Wang (2005), signal amplifica-
tion is necessary for achieving ultrasensitive miniaturised bioassays. Also, 
highly sensitive methods are needed for detecting disease diagnosis markers 
present at very low concentrations during the early stages of the disease. 
Two options for signal amplification are available; either to amplify the tar-
get prior to detection or to amplify the probe-target complex prior to detec-
tion. An example of the first case is amplification of target DNA by PCR in 
connection with fluorescence DNA microarrays. PCR is an example of an 
enzymatic amplification strategy. According to Wang (2005), while PCR has 
revolutionised genetic testing, it is somewhat restricted owing to its com-
plexity, the potential contamination risk and the cost. Biomolecule target 
recognition and amplification mechanisms are often denoted molecular tools. 
In this chapter, besides describing PCR, I will briefly discuss a special cate-
gory of molecular tools, largely developed at Uppsala University by the re-
search groups of Prof. Ulf Landegren and Assoc. Prof. Mats Nilsson, and 
closely connected to the VAM-NDA bioassay principle developed in this 
thesis, viz. padlock and proximity probe ligation and Rolling Circle Amplifi-
cation (RCA) of the reacted probes. 

4.1 Molecular probes 
The padlock and proximity target recognition methods are ligation depend-
ent, i.e. they rely on enzymatic ligation. The first ligation-dependent detec-
tion method ever demonstrated was called the oligonucleotide ligation assay 
(Landegren et al., 1988). Padlock ligation and proximity ligation, first described 
in Nilsson et al. (1994) and Fredriksson et al. (2002), respectively, are fur-
ther developments of this method. Landegren et al. (2004) comprehensively 
reviewed both techniques and the review by Gustafsdottir et al. (2005) is 
especially devoted to proximity ligation assays. 

A padlock probe is a linear synthetic single-stranded oligonucleotide with 
two target complementary end-sequences which are connected by a linker 



 36 

sequence. Upon hybridisation with the matching DNA target, the 5’ and 3’ 
ends of the padlock probe are positioned in juxtaposition on the target strand. 
This allows a DNA ligase to covalently join the ends of the padlock probe 
together, thereby creating a circularised probe-target complex, i.e. a circular 
DNA molecule catenated to the target sequence. This DNA circle can then 
be amplified and detected. The ligation reaction is very sensitive to mis-
matches on the 3’ end of the padlock probe molecule which, for instance, 
allows the probe to identify single nucleotide polymorphisms. Furthermore, 
since the circularisation requires two hybridisation events, padlock probe 
target recognition is highly specific. In other words, it is a dual-recognition 
reaction. Several types of padlock probe can also be simultaneously used for 
multiplexed target detection in the same sample without the problem of 
cross-reactivity. Moreover, the covalent catenation of the probe molecule to 
the target sequence results in the formation of a hybrid that resists extreme 
washing conditions. Finally, RNA targets can be detected analogously using 
RNA padlock probes. Figure 4.1 schematically illustrates padlock probe 
target recognition.  

Enzymatic ligation reactions can also be used for detection of protein tar-
gets via proximity ligation. A proximity probe consists of pairs (or more) of 
affinity probes equipped with DNA strands, arranged so that the tails of the 
strands are brought into proximity when a protein target molecule is bound 
by the affinity probes. If a short connector oligonucleotide is added, the oli-
gonucleotide ends can be covalently joined by enzymatic ligation, generating 
an oligonucleotide which can subsequently be amplified. This method can be 
applied in a homogeneous format requiring no washes or, alternatively, a 
specific target capture step can be used to concentrate the analyte and to 
remove any inhibitory substances. The affinity probes can be either DNA 
aptamers, i.e. DNA sequences selected for their ability to bind a specific 
protein, or mono- or polyclonal antibodies. Figure 4.2 schematically illus-
trates protein target recognition by proximity ligation using pairs of antibody 
probes equipped with DNA strands. 
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Figure 4.1 Schematic illustration of nucleic acid target recognition using padlock 
probes. In the right part of the figure, the ends of the padlock probe (dark blue) hy-
bridise to its matching nucleic acid target (grey) followed by covalent joining of the 
ends of the padlock probe by a ligase (green). This creates a circularised probe-
target complex which can be amplified and detected. In the left part, only one end of 
the padlock probe has hybridised successfully with a nucleic acid molecule (black) 
rendering no circularisation. Adapted from Landegren et al. (2004). 

 
Figure 4.2 Schematic illustration of protein target recognition by proximity ligation 
using pairs of antibody probes equipped with DNA strands. When a pair of probes 
binds to the protein target, their DNA strands come into close proximity and, after 
adding a connector oligonucleotide, the ends can be covalently joined by enzymatic 
ligation. This generates an oligonucleotide that can subsequently be amplified. 
Adapted from Landegren et al. (2004). 
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4.2 Enzymatic amplification strategies 

In the spring of 1983, Kary B. Mullis first started to develop the idea of PCR 
enzymatic amplification of a DNA target, a method that has revolutionised 
the field of molecular genetics by allowing rapid duplication and analysis of 
DNA. The first scientific publication on the PCR technique appeared in 1985 
(Saiki et al., 1985); in this study, PCR was used to detect the mutation causing 
sickle cell anaemia in whole genomic DNA. This publication was followed 
by more detailed descriptions of how to conduct PCR (Mullis and Faloona, 1987). 
In 1993, Mullis was awarded the Nobel Prize in chemistry for the discovery 
of PCR. PCR amplifies a specific target DNA sequence to a large number of 
nearly identical copies; the reagents needed for PCR include the target DNA 
fragment, a DNA replication enzyme stable to heat (DNA polymerase), nu-
cleotide building blocks (dNTPs) and two short single-stranded oligonucleo-
tides called primers which flank the target region of DNA to be amplified 
and are complementary to each strand. One PCR cycle involves three steps 
which are carried out at different temperatures. In the first step, dsDNA (ds 
stands for double-stranded) is separated to its ssDNA molecules (DNA dena-
turation, at about 95 oC). This is followed by the annealing step, where the 
primers hybridise to each of the ssDNA molecules at either the beginning or 
the end of the target sequence, depending on the ssDNA, as the temperature 
is gradually cooled to about 60 oC. In the third step, called DNA polymerase 
elongation, the enzyme attaches to the primer-ssDNA duplex and synthesises 
the complementary strand of DNA, using the existing single strand as a tem-
plate. Newly synthesised DNA strands can serve as additional templates for 
complementary strand synthesis. It follows that there is an exponential in-
crease in the number of copies. Figure 4.3 schematically illustrates PCR 
amplification of a DNA target. Each PCR cycle takes only a few minutes 
and typically 20-30 cycles are sufficient for effective amplification. More 
recently, a new method of PCR quantification called real-time PCR (kinetic 
PCR) or Quantitative Real-Time PCR (qRT-PCR) was developed (Higuchi et 
al., 1992). qRT-PCR enables the detection and quantification of a specific 
DNA sequence using a fluorescent reporter (either a dye or a modified DNA 
oligonucleotide probe). The fluorescence signal increases in direct propor-
tion to the amount of DNA amplified in the reaction. 

Although the PCR scheme in principle provides unlimited sensitivity and 
quantitative dynamic range, the technique is considered too complicated for 
diagnostic settings outside central hospitals or large analysis laboratories. In 
addition, it requires expensive bulky equipment, special laboratories to avoid 
contamination, and operators trained to set up the reactions and to interpret 
the data.  

The RCA mechanism, first demonstrated in the mid 1990s by Fire and Xu 
(1995), is a more useful option for enzymatic amplification. In RCA, a circu-
lar DNA molecule is copied by a DNA polymerase in an isothermal process, 
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generating a long single-stranded concatemer DNA molecule consisting of 
many tandem copies of the complement to the circularised molecule. The 
number of times the sequence of the circular DNA molecule is repeated 
(typically in the kilobase range) is governed by the duration of enzymatic 
amplification (RCA time). In solution, the strand spontaneously collapses 
into a DNA random coil (an RCA product or RCA coil). For an RCA time of 
1 hr, a coil with a diameter of about 1 �m is obtained. During amplification, 
the number of base pairs increases linearly with time. Thus, a fundamental 
characteristic of RCA is that the amplification product is confined to one 
continuous giant DNA molecule, which constitutes a spontaneously created 
compartment. RCA can also be applied to RNA circles to generate RNA 
coils. Figure 4.4 schematically illustrates RCA. The RCA mechanism can 
also be modified to permit more powerful amplification, using either the so-
called Hyperbranched RCA (HRCA) reaction (Lizardi et al., 1998) or, in a more 
controlled manner, the Circle To Circle Amplification (C2CA) mechanism 
(Dahl et al., 2004), which allows more sensitive analysis.  

RCA is a very powerful tool when used to amplify circles created as a re-
sult of recognition of a nucleic acid (through padlock probe ligation) or a 
protein target (through proximity ligation) followed by detection of the RCA 
products. Banér et al. (1998) performed RCA of circularised DNA padlock 
probes and investigated the mechanistic features of RCA in detail. Jarvius et 
al. (2006) performed padlock probe recognition of the bacterial pathogen 
Vibrio cholerae, followed by RCA. Short fluorescence-labelled oligonucleo-
tides were hybridised to the repeating sequence of the RCA coils, resulting 
in a confined fluorophore cluster visible in a confocal fluorescence micro-
scope as a bright spot. The RCA products were quantified by pumping the 
sample through a thermoplastic microchannel, mounted in the microscope 
operating in line-scan mode, and “counting” the spots. Simultaneous detec-
tion of several kinds of RCA products was accomplished by using one spe-
cific fluorescence colour for each kind of RCA product. Immunoassays 
based on the RCA mechanism (immuno-RCA) have also been developed; 
see, for example, Schweitzer et al. (2000). Zhao et al. (2008) have reviewed 
the applications of RCA in nanotechnology and biodetection. 

The VAM-NDA bioassay principle, developed in this thesis, relies on 
magnetic detection of RCA products, i.e. short oligonucleotides tagged with 
magnetic nanobeads are hybridised to the repeating sequence of the RCA 
coils. The subsequently induced large increase in the hydrodynamic volume 
of the beads strongly changes the dynamic magnetic properties of the beads. 
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Figure 4.3 Schematic illustration of PCR amplification of a DNA target. One PCR 
cycle basically involves three steps, viz. heat denaturation, primer annealing and 
enzymatic primer extension. Adapted from the website http://www.web-
books.com/MoBio/Free/Ch9E.htm. 

 
Figure 4.4 Schematic illustration of RCA. Adapted from Zhao et al. (2008). 
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5. Experimental section 

The first part of this chapter gives a brief overview of the experimental tech-
niques applied in this thesis followed by a brief summary of materials and 
experimental procedures relevant for Chapter 6. Chapter 5.1 describes the 
main characterisation technique applied in the appended papers, which in-
volves the measurement of bead magnetic properties using a commercial 
SQUID magnetometer. Measurements involving fluorescence emission spec-
tra (Papers III-V), fluorescence microscopy (Papers III and V), Fluores-
cence Polarisation (FP) DNA assay (Paper III), Environmental Scanning 
Electron Microscopy (ESEM) (Paper I), radioactive oligonucleotide label-
ling (Paper II) and ultrasonication (Papers I and II) were also undertaken. 
Chapter 5.2 very briefly summarises the experimental procedures applied; 
detailed descriptions are given in the experimental sections of the appended 
papers. 

5.1 Brief overview of experimental techniques 
A SQUID is a highly sensitive detector of magnetic flux that relies on a 
combination of two quantum physical phenomena; magnetic flux quantisa-
tion and Josephson tunnelling. The principle behind the first of these is that 
the magnetic flux through a closed superconducting loop is always an integer 
multiple of the flux quantum, Wbeh 15

0 1007.22/ −⋅==Φ , while that be-
hind the second is that a pair of electrons (Cooper pair) can tunnel through 
an insulating barrier. The very first SQUIDs were constructed shortly after 
the postulation of the Josephson effect in 1962. A SQUID consists of a su-
perconducting loop interrupted by one or two insulating barriers, where the 
former setup refers to a Radio-Frequency (RF) SQUID and the latter to a 
Direct Current (DC) SQUID. The SQUID must be cooled to the temperature 
of liquid helium (4.2 K) for conventional Low Temperature Superconducting 
(LTS) or of liquid nitrogen (77 K) for High Temperature Superconducting 
(HTS) devices. For a complete SQUID detection system, detection coils and 
read-out electronics are needed. For extensive reviews covering theoretical 
as well as technical aspects of SQUIDs, see Swithenby (1980) or Pizzella et 
al. (2001).  

Fluorescence spectroscopy and microscopy are versatile tools for the 
analysis and imaging of biological targets, respectively, where the target unit 
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typically has to be labelled with a fluorescent probe (fluorophore). A com-
prehensive review is given in Lichtman and Conchello (2005). FP equilib-
rium binding assays (Checovich et al., 1995) are fast, simple and accurate analy-
sis tools which do not require physical separation of free and bound tracer. 
Fluorescence polarisation analysers measure the amount of light emitted into 
horizontal and vertical planes by a fluorescent molecule excited by a plane 
of polarised light (for example, vertical plane), and then calculate a polarisa-
tion value defined as the difference between the vertical and horizontal in-
tensities divided by the sum of these intensities. FP can be used to analyse 
most molecular interactions and, since no bound/unbound tracer separation 
step is required, true equilibrium is achieved. Measurements can also be 
performed in real-time. 

ESEM was derived originally from the conventional Scanning Electron 
Microscopy (SEM) technique but also allows imaging of wet and insulating 
samples without prior specimen preparation. This is achieved by enabling a 
gas, most commonly water vapour, to be present in the sample chamber 
whilst retaining the relatively high resolution of standard SEM. Thus, hy-
drated samples can be maintained in their native state. Ions formed by colli-
sions between electrons emitted from the sample and the gaseous molecules 
drift back towards the sample surface and help to reduce charge build-up. 
Because of this, insulating samples do not need to be coated with a conduc-
tive material. While a gaseous environment (pressures up to ~ 10 torr) is 
maintained around the sample during imaging, the electron gun is kept at 
high vacuum. This is achieved by the use of differential pumping down the 
column, to create a series of different pressure zones, with the pressure in-
creasing closer to the sample. For a review of the ESEM technique, see Don-
ald (2003). 

5.2 Summary of materials and experimental procedures 
Each magnetically characterised ferrofluidic sample in this thesis had a total 
volume of 30 �l and was placed in a small cylindrical Teflon sample holder 
prior to mounting in the SQUID (MPMS-XL, Quantum Design). Prior to 
sample installation, the magnetic �-metal shield in the experimental setup 
was degaussed (residual field less than or equal to 0.5 Oe). Each magnetic 
characterisation was accomplished by running a SQUID sequence, where 
each sequence was ended by measuring the DC magnetic moment at DC 
fields starting from 20000 Oe down to 0 Oe in steps of 2000 Oe or, in some 
cases, from 10000 Oe down to 0 Oe in steps of 1000 Oe. The sample satura-
tion magnetic moment (in units of emu) was determined from the saturation 
magnetisation (diamagnetic contribution subtracted) and the actual mass of 
beads was calculated from this to obtain the complex magnetisation in units 
of emu per gram of beads. Five kinds of sequences were commonly used: 
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Single measurement: Measuring the complex magnetic moment (in units of 
emu) vs. frequency (from 1000 Hz to 0.5 Hz, or 0.1 Hz in some cases) at 
constant temperature. 

Aging measurement: Several consecutive complex magnetic moment vs. 
frequency spectra at constant temperature were recorded with specific wait-
ing times, wt (0, 0.5, 1 and 2 hrs), in-between. 

Temperature sweep measurement: Several consecutive complex magnetic 
moment vs. frequency spectra were recorded at different temperatures 
( 0=wt ). 

DC bias magnetic field sweep measurement: Several consecutive complex 
magnetic moment vs. frequency spectra were recorded at different magnetic 
DC bias fields ( 0=wt ). 

Scanning measurement: The complex magnetic moment at one or two spe-
cific frequencies was recorded as a function of time at constant temperature.   

For the experiments in the appended papers, five different stock solutions of 
deionised water-based ferrofluids (Nanomag®-D type) were supplied by 
Micromod Partikeltechnologie GmbH, see Table 5.1. The stock solutions 
were stored at 4 °C in sealed plastic containers. 

Table 5.1. Properties of the ferrofluidic stock solutions used in the appended papers.  
Average 

bead 
diame-
ter (nm) 

Surface Primary 
amine 
groups 

per bead 

Solid 
content 

(grams of 
beads per 

ml) 

Beads per 
ml 

Polydisper-
sity index

(i) 

Papers 
using the 
ferrofluid  

40 Aminated
(ii) 2500 8 7.7·1013 0.093 IV 

80 Aminated 12000 5 6.22·1012 0.378 V 
130 Plain

(iii) - 25 7.3·1012 0.067 I 

130 Aminated 60000 10 2.9·1012 0.067 I, II, III, V 
250 Aminated 60000 10 4.9·1011 0.115 IV, V 

 

(i)
Analysed by photon correlation spectroscopy by the ferrofluid manufacturer 

(ii)Amine-modified dextran 
(iii)

Non-modified dextran 

In the work described in the appended papers, samples of the stock solutions 
were extracted and prepared in different ways prior to characterisation, as 
summarised below: 

Paper I: Three stock ferrofluids were investigated: I (130 nm plain beads), II 
and III (130 nm aminated beads) where I and II were stored for three months 



 44 

prior to analysis and III was analysed immediately after delivery. All ferro-
fluids were properly stored except for short periods when small quantities 
were extracted for sample preparation and analysis. For each experiment, 30 
�l of ferrofluid was extracted and prepared in an Eppendorf tube according 
to a subscript notation: “v” denotes vortexing for 1 min, and “v+s+u” stands 
for vortexing for 1 min, followed by addition of s �l of Sodium Dodecyl 
Sulphate (SDS) surfactant dissolved in deionised water and vortexing of the 
mixture for 1 min followed by ultrasonication for 5 min. A Bandelin 
Sonorex RK100H ultrasonic bath was used. Finally, 30 �l of the prepared 
sample was extracted for immediate magnetic characterisation, using single 
measurements, aging measurements or a DC bias magnetic field sweep 
measurement. A star symbol after s denotes the use of 2.5 wt% SDS solu-
tion; otherwise, the concentration was 1.25 wt% SDS. Additionally, ferro-
fluid I was imaged by ESEM using a Philips XL 30 ESEM-FEG instrument. 

Paper II: A large series of single-stranded oligonucleotide (length ~ 10 nm) 
biofunctionalised bead batches was synthesised by SPDP chemistry, essen-
tially according to methods outlined in Chapter 3.2, where 200 �l of 130 nm 
aminated bead stock solution was used for each batch. The number of added 
oligonucleotides, NO, with respect to the initial number of beads was varied 
between 0 and 200. Six magnetic purification steps, NP, immediately after 
coupling reagent incubation were applied. From an oligonucleotide 10 
�Ci/�l �-32P dCTP radiolabelling experiment, it was found that an NO value 
of 100 corresponded to an actual surface coverage of about 40 oligonucleo-
tides per bead. Moreover, the actual surface coverage could be assumed to 
be approximately linearly proportional to NO. Prior to synthesising the batch 
series, the 5’-SH oligonucleotide stock solution was DTT-reduced to remove 
oligonucleotide dimers before placing it in storage at -20 °C. For most of the 
batches, this stock solution was melted at room temperature and the desired 
amount of oligonucleotide solution was immediately extracted and added to 
SPDP-activated beads. In some cases, this desired amount of melted oli-
gonucleotide solution was DTT-reduced prior to adding it to the activated 
beads. 30 �l of each batch was magnetically characterised by either a single 
measurement or a temperature sweep measurement. 

Paper III: Solutions containing different amounts of RCA products, corre-
sponding to one single type of target DNA, were synthesised (RCA time 1 
hr). A solution without RCA coils was used as a Negative Control (NC). 
Detailed procedures for padlock probe ligation and RCA are given in Paper 
III, Supporting Information (SI) 7 and sequences are given in SI 3. For prob-
ing the presence of these coils magnetically (VAM-NDA method), 200 �l  
batches (detection batches) of 130 nm aminated beads, modified using SPDP 
chemistry to include FITC-labelled detection probe oligonucleotides (5’-SH 
and 3’-FITC modification) complementary to part of the repeating RCA coil 
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sequence, were synthesised; see Paper III, SI 2 and 6. The oligonucleotide 
solution was DTT-reduced prior to adding it to the SPDP-activated beads. 
The detection probe surface coverage on the beads was analysed by measur-
ing the fluorescence emission spectrum for a small quantity of the batch 
using a standard fluorometer (Safire2, Tecan). The batch fluorescence spec-
trum was then compared with spectra of samples with known oligonucleo-
tide amounts; see Paper III, SI 2.  

Each assay was conducted by gently mixing 25 �l of detection batch and 
25 �l of RCA product solution at room temperature in an Eppendorf tube 
followed by extracting 30 �l of the mixture (RCA product concentrations 0 
to 300 pM, 1 nM bead concentration) and exposing it to a particular sample 
preparation condition, I-X, immediately prior to magnetic characterisation: 
(I) Immediate sample installation in SQUID at 310 K; (II) immediate sample 
installation in SQUID at 310 K where the sample was exposed to 1.5 Hz 
shaking for 10 min at 310 K before characterisation; (III) sample vortexing 
at high speed for 1 min at room temperature followed by 15 min incubation 
at 310 K (sample kept in an Eppendorf tube), the last two steps repeated 
once before ending with 1 min vortexing at room temperature prior to sam-
ple installation in SQUID at 310 K; (IV) similar to (III), except that each 
vortexing step took 3 min; (V) sample incubation for 30 min with continuous 
8 Hz axial rotation of the Eppendorf tube containing the sample at 310 K 
prior to sample installation in SQUID at 310 K; (VI) immediate sample in-
stallation in SQUID at 328 K; (VII) similar to (III), except that incubation 
was performed at 328 K; and, finally, sample preparations (VIII), (IX) and 
(X), specified by immediate sample installation in SQUID at 343, 353 and 
363 K, respectively. One particular sample, serving as a second kind of NC, 
contained 100 pM of RCA coils non-complementary to the bead detection 
probes. The prepared 30 �l samples were magnetically characterised by sin-
gle measurements or scanning measurements.  

To perform quantitative analysis, single measurements were conducted on a 
series of samples with different RCA coil concentrations (0 to 300 pM, concen-
tration series) (sample preparation was incubation at 343 K during 30 min).  

In the scanning measurements, intended for studying bead immobilisation 
kinetics to evaluate the different sample preparation conditions, one particu-
lar RCA product concentration was used (100 pM).  
Also, 30 �l quantities of the detection batches were characterised by single 
measurements. 

 For obtaining additional information to further support the VAM-NDA 
method, RCA products matching the bead detection probes were immobi-
lised on glass slides and either a FITC-labelled detection probe with or with-
out coupled magnetic beads or a Cy3-labelled probe hybridising to a region 
in the coils other than the FITC-labelled probe were added. After incubation 
and washing, the surface was studied by fluorescence microscopy; an Axio-
plan II, Zeiss instrument was used. Details can be found in Paper III, SI 9. 
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FP measurements of a series of samples with RCA coil concentrations rang-
ing from 0 to 300 pM were also made (using the same detection probe as that 
used for the beads), using a Safire2, Tecan fluorometer. Details are given in 
Paper III, SI 5. 

Paper IV: Similar assay experiments to those used in Paper III were con-
ducted but with other bead sizes (40 nm and 250 nm). The effects of varying 
the detection probe coverage (40 nm beads, sample preparation ), RCA time 
(40 nm beads, RCA product concentration 100 pM ) and bead concentration 
(40 and 250 nm beads, sample preparation) were investigated (sample prepa-
ration was incubation at 343 K during 30 min). Additionally, immobilisation 
kinetics at 310 K for these two bead sizes were explored (RCA product con-
centration 100 pM, sample preparation I). 

Paper V: The possibility of quantitatively detecting two kinds of bacterial 
DNA sequences simultaneously using sequences from Vibrio cholerae (T1) 
and V. vulnificus (T2), i.e. simultaneous quantitative duoplexing, was evalu-
ated and the results were compared with those from the corresponding sepa-
rate T1 and T2 single-target assays. The single-target assays were designed 
to closely correspond to the T1 and T2 assays occurring simultaneously in 
the duoplexing experiment, i.e. the same bead concentrations, sample prepa-
ration and content of genomic background material were used. Additionally, 
qualitative triplexing of T1, T2 and T3 (Escherichia coli) targets was at-
tempted. The multi-sized detection batch was prepared by coupling T1 
probes to 130 nm beads, T2 probes to 250 nm beads and T3 probes to 80 nm 
beads, followed by mixing the separate batches to get a single broad m ′′  
plateau-like peak for the multi-sized batch. For multiplexing, padlock probe 
target recognition and ligation were performed separately for each bacterial 
DNA-sequence target (target 1 recognised by padlock probe 1, and so forth) 
and the circularised complexes were thereafter mixed, followed by RCA for 
1 hour, creating a mixture of either T1 and T2 coils (duoplexing) or T1, T2 
and T3 coils (triplexing). Different amounts of the circularised complexes 
were used to obtain samples with different RCA coil concentrations. For T1 
and T2 single-target assays, only one type of circularised complex was 
RCA-amplified, creating samples containing only RCA coils corresponding 
to the T1 and T2 target, respectively. For VAM-NDA probing of RCA coil 
concentrations, 25 �l of detection batch was gently mixed with 25 �l of solu-
tion with RCA products at room temperature, and 30 �l of mixture was ex-
tracted. Single measurements at 310 K were performed (sample preparation 
was incubation at 343 K during 30 min). The corrected composite complex 
magnetisation (in units of emu per g of beads) profile for a multi-target sam-
ple was calculated as 
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where )( fmcomp  is the measured complex magnetic moment (in units of 
emu), sM is the saturation magnetic moment for the composite sample (in 
units of emu), NCsM , is the saturation magnetic moment for the NC (in units 
of emu) and NCbeadsmass ,  is the total mass of beads in the NC (in units of 
gram). In this expression, the factor sNCs MM /,  appears in order to com-
pensate for small variations in the amount of magnetic material from sample 
to sample and to ensure that each corrected composite complex magnetisa-
tion profile corresponds to the same amount of magnetic material as in the 
NC sample. Each corrected composite complex magnetisation spectrum was 
thereafter deconvoluted as described in the next chapter for target quantifica-
tion. 
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6. Results and discussion 

In this chapter, selected highlights from the main results of the appended 
papers are provided. It should be mentioned that the papers appear in 
chronological order. 

Paper I: Investigations of ferrofluidic stability in two 
types of commercially available ferrofluids by 
measuring the complex magnetisation 
The main purpose of this paper was to investigate ferrofluidic stability and 
aging behaviour in ferrofluids I (plain 130 nm beads, stored for three 
months), II (aminated 130 nm beads, stored for three months) and III (ami-
nated 130 nm beads, not stored), see Chapter 5. Consider the problem of 
how to refresh and stabilise a ferrofluid which exhibits a strong aging ten-
dency, i.e. a lot of aggregates are formed within a relatively short time. One 
could think of using vortexing and/or ultrasonication for a specific time to 
make aggregates disaggregate and disperse. However, when the attractive 
interbead interactions causing aggregation are strong enough, this treatment 
at the best only temporarily breaks up the aggregates. A more effective ap-
proach, as shown in this paper, is to combine vortexing and ultrasonication 
with addition of a surfactant (“v+s+u” approach, see Chapter 5), since build-
ing up a surfactant layer on the beads immediately after breaking up the ag-
gregates prevents quick reaggregation.  

Figure 6.1 shows an ESEM image of ferrofluid I, which confirms the 
mean size of 130 nm given by the manufacturer. Note the spherical mor-
phology of the beads and the chain-like aggregates.  
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Figure 6.1 Upper: ESEM image of ferrofluid I (dilution factor 10, relative humidity 
70 % and temperature 5 °C). The flake-like structures in the image are water drop-
lets. Lower: A magnified part of the left image where the size and shape of the mag-
netic beads are emphasised. Adapted from Paper I. 

Figure 6.2 shows complex magnetisation spectra at 300 K for ferrofluids 
Iv, IIv and IIIv. Assuming a hydrodynamic diameter of 130 nm and using the 
water viscosity value at this temperature, an Bf  value of 213 Hz was ob-
tained from Equation 3.3, which corresponds to a completely fresh sample, 
i.e. no bead aggregates. As can be observed, the Bf  values for ferrofluids I 
and III were close to this value, although somewhat lower, whereas Bf  for 
ferrofluid II was considerably lower (~0.3 Hz), which implies that the ami-
nated ferrofluid aged greatly over the three months of storage while the plain 
ferrofluid remained fresh.  



 50 

 
Figure 6.2 Complex magnetisation vs. frequency (300 K) for three ferrofluid sam-
ples: Iv, IIv and III,v where panels a and b display the real and imaginary parts of the 
complex magnetisation, respectively. Solid lines are drawn as guides for the eye. 
Adapted from Paper I. 

The main source of bead aggregation in these particular ferrofluids is proba-
bly not magnetic dipole-dipole interbead interactions, unless a bias DC mag-
netic field is applied during measurements as demonstrated below. It is oth-
erwise more likely a question of chemical interactions between the beads, 
which in the aminated ferrofluid could comprise various types of chemical 
bonds (such as hydrogen bonds) between amine groups and/or hydroxyl 
groups from the dextrane on the bead surface. Apparently, these particular 
bonding interactions are not present in plain bead systems, which interact 
more weakly. Furthermore, since the ferrofluids are based on deionised water, 
the pH buffering capacity of the carrier liquid is low; as the aminated ferro-
fluid ages, the pH value can change significantly. This can occur by various 
processes; for example, ionic species such as iron ions could be released from 
the iron oxide nanoparticles, resulting in protonation of the amine groups 
which in turn opens up the possibility of attractive ion-pair electrostatic inter-
actions between the charged amine and the hydroxyl groups of the dextrane at 
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this pH. In fact, the pH value was measured as 7.40 and 7.77 at 25.9 °C for 
ferrofluids II and III, respectively, which supports this hypothesis.  

Figure 6.3 displays the complex magnetisation spectrum at 300 K for 
sample Iv+2.5+u for different waiting times, together with fits to Equation 3.4, 
with the corresponding fitting parameters in Table 6.1.  As can be observed, 

Bf  was around 178 Hz which, since it is slightly lower than 213 Hz, thus 
corresponds to a nearly fresh sample. The 0m  value decayed only very little 
over time, most likely due to slight bead sedimentation, implying that the 
sample was fairly stable with respect to aging on the timescale of the inves-
tigations. Furthermore, the Cole-Cole parameter � did not vary much either – 
the value was close to 0.28 for all measurements – which implies that the 
aggregate size distribution was reasonably stable with respect to the time 
scale of the investigation, i.e. no noticeable aging events occurred. 

 
Figure 6.3 Complex magnetisation vs. frequency (300 K) for sample Iv+2.5+u, where 
panels a and b display the real and imaginary parts of the complex magnetisation, 
respectively. The curves were obtained in succession, with waiting times between 
measurements as indicated. Solid lines correspond to Cole-Cole fits, see Equation 
3.4. Adapted from Paper I. 
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Table 6.1 Parameters, fB, � and m0 (300 K) obtained from a Cole-Cole fitting proce-
dure (Equation 3.4) for ferrofluid Iv+2.5+u (lower part of Figure 6.3). The measure-
ments were performed in succession with the waiting times between measurements 
as indicated. Adapted from Paper I. 

Waiting time (hr) fB (Hz) � m0 (emu/g) 
0 173 0.285 1.642 

0.5 175 0.287 1.626 
1 178 0.290 1.608 
2 184 0.294 1.587 

The uncertainty in the extracted parameters was less than 5 %. 

The “v+s+u” sample preparation method, with varying values for s, was 
applied in order to obtain insight into achieving optimal refreshment of fer-
rofluid II. Figures 6.4, 6.5 and 6.6 show complex magnetisation spectra for 
different waiting times at 300K with s equal to 0.2, 5 and 20 �l, respectively; 
the corresponding curve-fitting parameters (Equation 3.4) are given in Table 
6.2. Sample IIv+0.2+u exhibited a low Bf  value, around 4 Hz, which increased 
slightly with time, and the aging rate as judged from the 0m  value was high. 
For this sample, the α value was around 0.38, a value that increased very 
slightly with increasing waiting time. On the other hand, sample IIv+5+u 
showed a much larger Bf , of about 150 Hz, which decreased slightly with 
time, and the tendency to age – as judged from this parameter and from the 
relatively constant 0m – was much weaker. In this case, the Cole-Cole pa-
rameter α took a value of around 0.33. Sample IIv+20+u showed an even lar-
ger Bf , around 220 Hz, which increased slightly with time, corresponding to 
a completely refreshed solution, again with a weak aging tendency. The 
Cole-Cole parameter α for this sample was around 0.28. Thus, it can be con-
cluded that the distribution of hydrodynamic volumes becomes narrower as 
increasing amounts of surfactant are added to the sample, and that the stabil-
ity with respect to aging increases with the amount of surfactant added. 
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Figure 6.4 Complex magnetisation vs. frequency (300 K) for sample IIv+0.2+u. The 
upper and lower panels display the real and imaginary parts of the complex magneti-
sation, respectively. The curves were obtained in succession, with waiting times be-
tween measurements as indicated. Solid lines correspond to Cole-Cole fits (Equation 
3.4). The fitting parameters are summarised in Table 6.2. Adapted from Paper I. 
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Figure 6.5 Complex magnetisation vs. frequency (300 K) for sample IIv+5+u. The 
upper and lower panels display the real and imaginary parts of the complex magneti-
sation, respectively. The curves were obtained in succession, with waiting times be-
tween measurements as indicated. Solid lines correspond to Cole-Cole fits (Equation 
3.4). The fitting parameters are summarised in Table 6.2. Adapted from Paper I. 
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Figure 6.6 Complex magnetisation vs. frequency (300 K) for sample IIv+20+u. The 
upper and lower panels display the real and imaginary parts of the complex magneti-
sation, respectively. The curves were obtained in succession, with waiting times be-
tween measurements as indicated. Solid lines correspond to Cole-Cole fits (Equation 
3.4). The fitting parameters are summarised in Table 6.2. Adapted from Paper I. 

Table 6.2 Parameters, fB, � and m0  (300 K) obtained from a Cole-Cole fitting proce-
dure (Equation 3.4) for ferrofluid IIv+s+u with s equal to 0.2, 5 or 20 �l of SDS dis-
solved in deionised water. The measurements were performed in succession with the 
between-measurement waiting times as indicated. Adapted from Paper I. 

s (�l) 0.2  5  20  
waiting 

time 
(hr) 

fB 

(Hz) 

� m0 
(emu/g) 

fB 
(Hz) 

� m0 
(emu/g) 

fB 
(Hz) 

� m0 
(emu/g) 

0 3.7 0.387 0.685 149 0.347 1.00 214 0.284 0.901 
0.5 3.8 0.396 0.601 144 0.338 1.02 215 0.285 0.891 
1 4.4 0.397 0.525 145 0.332 1.02 219 0.285 0.880 
2 5.3 0.399 0.452 144 0.325 1.01 225 0.286 0.867 

The uncertainty in the extracted parameters was less than 5 %. 

Figure 6.7a shows Bf  as a function of the amount of added surfactant for 
a larger number of type IIv+s+u samples. When several data points appear for 
one specific surfactant amount, the data points correspond to unique samples 
prepared in exactly the same manner. The large spread in data implies low 
reproducibility of the refreshing process. Nevertheless, if the data points 
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with Bf  around 300 Hz (possibly from disrupted beads) are disregarded, it 
can be noticed that the plot indicates a diffuse maximum in Bf  for s around 
10-15 �l of SDS. There could be several explanations for this observation 
and a tentative explanation of the overall variation of Bf  with the amount of 
SDS added is attempted below. Below the maximum, there was a trend for 

Bf  to increase with increasing amounts of surfactant, probably because the 
aggregates disaggregated by ultrasonication, and a monolayer of SDS (the 
polar end of the molecule binding to the hydrophilic bead surface) started to 
build up on each bead. Around the maximum, almost all the beads are likely 
to be covered by a monolayer of SDS molecules, thus providing ideal steric 
repulsion between the beads. Accordingly, above the maximum, a multilay-
ered structure of SDS molecules would start to form on the bead surfaces 
(with a structure most likely consisting of head-to-head and tail-to-tail inter-
actions between SDS molecules); this structure which probably became 
more diffuse as the number of layers increased, would increase the hydrody-
namic volume of the beads. This should give rise to a slight decrease in Bf . 
Alternatively, the variation in Bf  could have been due to variations in the 
viscosity of the surrounding solution, caused by increasing concentration of 
free SDS molecules. The former alternative seems more reasonable, how-
ever, since the concentration of free SDS molecules was well above the criti-
cal concentration for micelle formation (CMC) for SDS; hence there would 
have been an abundance of SDS micelles in the solution, which would 
strongly affect the viscosity and consequently the ability of the beads to un-
dergo Brownian rotation. Figure 6.7b displays similar data, but for sample 
IIIv+s*+u. Several conclusions can be drawn by comparing these data with 
those in panel a. For the smallest amount of surfactant, Bf  was close to 190 
Hz, which is only slightly lower than the theoretical value for the Brownian 
relaxation frequency. When the amount of surfactant was increased, Bf  
increased to a maximum close to 230 Hz for 2 �l of surfactant. The corre-
sponding maximum for sample IIv+s+u occurred at around 10-15 �l of SDS. 
This clearly indicates that factors other than reduction of interbead interac-
tions due to SDS monolayer coverage are in play. These factors could have 
been non-magnetic interactions between the rotating beads and the surround-
ing fluid that were not accounted for in Equation 3.3. The most important 
observation is that the reproducibility of the magnetic measurements for 
sample IIIv+s*+u was much higher than that for sample IIv+s+u, see for instance 
the 20 �l measurements. Further, the maximum was well defined and fol-
lowed by decay of Bf  with increasing surfactant amounts. The explanation 
for the variation in Bf  with amount of added SDS solution could be consid-
ered to be similar to that discussed for sample IIv+s+u, although the trend was 
much clearer for sample IIIv+s*+u. 
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Figure 6.7 The Brownian relaxation frequency Bf  vs. amount of surfactant added to 
base solutions of 30 μl of ferrofluids with primary amine groups on the bead sur-
faces (300 K). (a) Sample IIv+s+u (stored sample with amine surface) and (b) sample 
IIIv+s*+u  (non-stored sample with amine surface). Note that the y-axis range differs 
between the panels. Adapted from Paper I. 

As mentioned in Chapter 3.1, applying magnetic DC bias fields to ferro-
fluidic samples promotes the formation of chain-like aggregates of beads. 
Experimental evidence for this is given below. It is shown that even very 
small fields can affect the complex magnetisation spectrum considerably. 
Panels a and b of Figure 6.8 show the variations in the complex magnetisa-
tion spectra with selected magnetic DC bias fields, while panel c shows the 
corresponding data, fitted to Equation 3.4, as Argand diagrams for sample 
IIIv+0.5*+u. As is obvious from panels b and c, the data contained a low-
frequency tail in addition to the Brownian relaxation process evaluated in the 
fitting procedure. The presence of this tail made the Cole-Cole fits in panel c 
diverge from the experimental data also at the highest frequencies. The ex-
tracted values of Bf , α  and 0m  for each field are given in Table 6.3. It can 
be observed that Bf  increased monotonically as the bias field, DCH , in-
creased, whileα  exhibited a maximum for bias fields around 2-3 Oe, i.e. 
when the bias field was close to the AC drive amplitude, ACH . Note also 
that the low-frequency tail of the Argand diagram was largest for a DC field 
of 2 Oe, see panel c. In this case, the ferrofluid sample clearly exhibited two 
different relaxation frequencies; 1Bf  and 2Bf , with corresponding Cole-
Cole parameters 1α  and 2α . It should be noted that for this bias field, the 
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conventional Cole-Cole fitting procedure, using Equation 3.4 and assuming 
a single relaxation process, fails.  

 
Figure 6.8 Complex magnetisation profiles (300 K) for sample IIIv+0.5*+u  (non-
stored sample with amine surface). (a) Real part and (b) imaginary part of the com-
plex magnetisation vs. frequency. (c) Argand diagrams of the results shown in (a) 
and (b). The various curves correspond to different DC bias fields. Solid lines are 
guides for the eye in panels a and b, while the lines in panel c correspond to Cole-
Cole fits (Equation 3.4). The frequency decreases towards the right in panel c. 
Adapted from Paper I.  

Figure 6.9 shows the fit of these data to a modified Equation 3.4 consisting 
of the sum of two Cole-Cole distributions. The smaller relaxation frequency 
can be identified as the relaxation frequency of bead chains. By applying 
Equation 3.5, it was found that N was close to 50. The interpretation of these 
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results is as follows: Applying a DC bias field leads to the formation of 
chain-like aggregates of various lengths. When ACDC HH <<0 , the total 
field varies between positive and negative values and the chains formed by 
the DC field break as the total field changes sign. However, for DC fields of 
a magnitude around 2 Oe, stable chain-like bead aggregates are formed, re-
sulting in two independent relaxation processes, one due to the relaxation of 
single beads and one due to the relaxation of chain-like aggregates. As the 
DC magnetic field increases to magnitudes significantly above 2 Oe, the 
average size of the chains increases, eventually corresponding to a relaxation 
frequency far below the low frequency limit of the measurement, which in 
our case corresponded to a frequency of 0.1 Hz. This implies that the influ-
ence on the experimental results, as judged from the Cole-Cole α-parameter, 
will be largest for fields DCH ~ ACH , and that this influence will decrease as 
the DC field increases further. However, the influence of chain-like aggre-
gates is still obvious, as evidenced by the gradual suppression of the real part  
of the complex magnetisation and the decrease of the 0m  value with increas-
ing DC bias field. 

 
Figure 6.9 Imaginary part of the complex magnetisation vs. frequency (300 K) for 
sample IIIv+0.5*+u (non-stored sample with amine surface) with a DC bias field of 2 
Oe. The solid line corresponds to the fit of the theoretical Cole-Cole expression 
(Equation 3.4) for the complex magnetisation to the experimental data, assuming 
two independent relaxation processes. The two relaxation frequencies and the corre-
sponding α parameters are shown in the figure. Adapted from Paper I. 
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Table 6.3 Parameters fB, � and m0 (300 K) obtained from the Cole-Cole fitting pro-
cedure (Equation 3.4) for ferrofluid IIIv+0.5*+u. The fitting procedure was applied to 
experimental complex magnetisation curves recorded at the displayed DC bias 
fields. Adapted from Paper I. 

The uncertainty in the extracted parameters was less than 5 %. 

Paper II: Investigations of ferrofluidic stability and 
interactions between oligonucleotide-functionalised 
magnetic beads synthesised by SPDP chemistry 
The aim of this paper was to systematically explore the dependence of the 
ferrofluidic stability and interbead interactions on the number of single-
stranded oligonucleotides attached to 130 nm aminated magnetic beads, as 
outlined in Chapter 5, as a preparatory study for Papers III-V.  In connec-
tion with Papers III-V, it should be mentioned that, in order to achieve a 
surface coverage of about 20 oligonucleotides per bead, an NO value about 
thousand times larger was required compared to that required in Paper II, 
despite the coupling procedures being quite similar. This can be explained 
by recognising two facts: Firstly, the ferrofluid manufacturer slightly 
changed the ferrofluid synthesis procedure at about the period between the 
studies for Papers II and III, presenting the possibility that the surface 
properties of the beads changed, which might in turn have had a large impact 
on the oligonucleotide coupling yield. Secondly, the oligonucleotides used in 
Paper II were not physically identical to those used in Papers III-V. For 
instance, the quality of the thiol modification on the oligonucleotides could 
have slightly differed. Also, the ferrofluidic stability of as-delivered 130 nm 
aminated beads was significantly lower for the beads used in Papers I-II 
than for those used in Papers III-V. For instance, as is apparent in Paper I, 
the aminated ferrofluid aged greatly within about 3 months of storage 
whereas, in Papers III-V, the same ferrofluid product was stored for at least 
6 months without noticeably aging.  

DC bias field (Oe) fB (Hz) � m0 (emu/g) 
 

0 183 0.290 0.931 
1 191 0.305 0.929 
2 261 0.422 0.968 
3 277 0.433 0.942 
4 269 0.400 0.872 
5 272 0.359 0.785 
6 287 0.327 0.706 
7 305 0.302 0.643 
8 329 0.280 0.579 
9 350 0.266 0.532 

10 374 0.254 0.488 
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Figure 6.10 provides an overview of the different types of surface func-
tional groups which can appear in oligonucleotide-functionalised bead 
batches (pH ~ 7). In the context of ferrofluidic stability, it is reasonable to 
assume that the main aggregation mechanism is the SS-crosslinking reaction 
(group 5), whereas oligonucleotide attachment (group 6) provides the main 
stabilising effect of the ferrofluid. The latter arises from the fact that the oli-
gonucleotide chains themselves “screen” the group 3 functionalities respon-
sible for SS-crosslinking, that the oligonucleotides induce entropic interbead 
repulsion through their thermal motion,and that they provide electrostatic 
repulsion due to their negative charge. One could also think of the possibility 
of base-pairing interactions between the oligonucleotide chains as a source 
of bead aggregation; however, this possibility was excluded as discussed 
below.   

 
Figure 6.10 Possible surface functional groups which can appear in oligonucleotide-
functionalised bead batches synthesised by SPDP coupling chemistry. Adapted from 
Paper II. 
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Figure 6.11 shows the Brownian relaxation frequency, Bf , vs. NO at 300 
K where six magnetic purification steps were applied directly after coupling 
reagent incubation. The circles represent batches where the oligonucleotide 
solution was added to the beads directly after melting and the squares repre-
sent batches where the oligonucleotide solution was DTT-reduced once, 
directly after melting, and was then added to the beads. The dotted line 
represents the theoretically highest possible value of Bf , assuming non-
interacting oligonucleotide-functionalised beads with a hydrodynamic radius 
corresponding to the sum of bare bead radius and the oligonucleotide length.  

 
Figure 6.11 The Brownian relaxation frequency, fB, vs. added excess of oligonucleo-
tides (300 K), NO (NP=6). The circles represent batches where oligonucleotide 
solution was added to the beads directly after melting and the squares represent 
batches where the oligonucleotide solution was DTT-reduced once directly after 
melting, and was then added to the beads. The dotted line represents the theoretically 
highest possible value of fB, assuming non-interacting oligonucleotide-functionalised 
beads. Adapted from Paper II. 

Here, it can be observed that Bf  formed a roughly bell-shaped curve with 
varying NO, with a maximum for an NO value of about 100, corresponding 
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to a sample consisting of well separated oligonucleotide coated beads, i.e. no 
bead aggregates (optimal ferrofluidic stability). This behaviour can be tenta-
tively explained in the following manner: At low surface coverages, the 
probability of SS-crosslinking is high (low Bf ) but decreases as NO in-
creases towards 100. At the optimum, although the entropic repulsion is at 
maximal efficiency, it decreases for NO > 100 since the oligonucleotide 
chains begin to touch each other, resulting in reduced thermal motion flexi-
bility. At this stage, the probability of SS-crosslinking will most likely start 
to increase again and, additionally, the higher number of oligonucleotides 
and the hydration shell around them further extend the hydrodynamic size, 
meaning that Bf will tend to decrease. Also, it can be noted that the extra 
DTT reduction step has no pronounced effect on the described behaviour. 
Figure 6.12 shows complex magnetisation spectra at 300 K for batches with 
NO between 0 and 200, where panels a and b show the real and imaginary 
parts, respectively, and panel c shows Argand diagram analyses. From the 
inset in panel c it can be observed that the low-frequency tail was absent for 
NO=100, while it was present above and below the surface coverages corre-
sponding to this NO value. This observation further supports the conclusion 
that optimal ferrofluidic stability, i.e. a minimum amount of aggregates, can 
be achieved for NO~100. 
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Figure 6.12 Complex frequency-dependent magnetisation profiles (300 K) for 
batches with NP=6 and various values of NO (oligonucleotide solution was added to 
the beads directly after melting), where panels a and b show the real and imaginary 
parts of the magnetisation, respectively, vs. frequency, and panel c shows the imagi-
nary parts vs. the real parts. The inset in panel c shows a magnification of the low-
frequency data, i.e. the right-most data, in panel c. The solid lines are drawn as 
guides for the eye. Adapted from Paper II. 
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Figure 6.13 shows Bf  vs temperature for a batch with NO=75, i.e. below 
the maximum in Figure 6.11. It can be concluded that base-pairing interac-
tions do not occur, since such bonds should start breaking up in the high 
temperature part of the investigated temperature interval, thus causing a sud-
den increase in the slope of the Bf  vs. temperature curve. The inset shows 
the hydrodynamic bead diameter versus temperature, calculated from Equa-
tion 3.3, accounting for the variation of the water viscosity with temperature. 
It can be observed that the hydrodynamic diameter decreased significantly 
with increasing temperature, with values between ~290 and ~260 nm, which 
were considerably larger than the diameter of a single oligonucleotide-
functionalised bead (~150 nm). Since the value of the hydrodynamic diame-
ter represents the mean diameter of the magnetic species undergoing 
Brownian relaxation, it can be concluded that this batch exhibited a rela-
tively high degree of aggregation.  

 
Figure 6.13 The Brownian relaxation frequency, fB, vs. temperature for a batch with 
NO=75 and NP=6. The oligonucleotide solution was DTT-reduced once directly 
after melting, and was then added to the beads. The inset shows the hydrodynamic 
bead diameter as calculated from Equation 3.3. Adapted from Paper II. 
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Figure 6.14 shows complex magnetisation profiles at various tempera-
tures for a batch with NO=100; the inset in panel b displays the hydrody-
namic bead diameter vs. temperature, calculated from Equation 3.3 and ac-
counting for the variation of the water viscosity with temperature. From the 
inset, it can be concluded that the hydrodynamic diameter was fairly con-
stant at ~ 170 nm, with a weak decrease at the highest temperatures, which 
can be explained by thermal disruption of a small number of aggregates. The 
diameter was close to the theoretical value of a single oligonucleotide-
functionalised bead (~ 150 nm), showing that a batch with NO=100 consists 
mainly of single oligonucleotide-coated beads. 

 
Figure 6.14 Frequency-dependent complex magnetisation profiles for a batch with 
NO=100 as a function of temperature, NP=6. The oligonucleotide solution was 
added to the beads directly after melting. Solid lines correspond to Cole-Cole fits, 
see Equation 3.4. The inset in panel b shows the hydrodynamic diameter vs. tem-
perature calculated from Equation 3.3. Adapted from Paper II. 
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Papers III and IV: Detection of a single type of target 
DNA using the VAM-NDA bioassay principle 
The VAM-NDA method for detection of single-stranded DNA targets, for 
which proof of principle is discussed in Paper III, combines the Brownian 
relaxation biosensor principle with high performance molecular tools, viz. 
padlock probe target recognition and RCA. This is based on a non-optical 
magnetic bioassay principle and also uses lab-on-a-bead technology. Be-
cause of this, the VAM-NDA method offers the potential for designing a 
new generation of diagnostic devices, mostly of point-of-care and over-the-
counter types, at a substantially lower cost than those currently used. Al-
though only DNA targets were detected in this thesis, other kinds of bio-
molecules, viz. RNA and proteins, can be detected in a similar manner. An 
RNA target can be recognised by an RNA padlock probe and a protein target 
by a proximity probe followed by RCA of the nucleic acid circles and mag-
netic detection of RCA products. The protein can be removed from the RCA 
product prior to magnetic detection if desired. 

Figure 6.15 schematically illustrates the VAM-NDA bioassay principle. 
A collection of single-stranded target DNA molecules (blue lines) is shown 
in the left part of the figure. Linear padlock probe molecules (grey lines) 
designed to exactly match the target DNA are added, which upon hybridisa-
tion with the target DNA molecules form circularised probe-target com-
plexes. The ends of the padlock probes are joined together by ligation. The 
addition of RCA polymerase initiates RCA, and the circularised padlock 
probes are amplified for a specific time. After completion of RCA, the sam-
ple contains ~ 1 �m-sized (for an RCA time ~ 1 hr) random-coil single-
stranded DNA molecules with a periodic sequence and the complement of 
the padlock probe as the repeating motif. The RCA coils are detected by 
addition of single-stranded detection probe-tagged magnetic beads (total 
hydrodynamic diameter ~150 nm, ~ 20 oligonucleotides per bead), where the 
coupled oligonucleotides are complementary to a region of the repeating 
motif in the RCA coils. When the probe-tagged beads and the RCA coils 
approach each other during random diffusive motion, the probe-tagged beads 
are incorporated into the coils by base-pair hybridisation (bead immobilisa-
tion). The hydrodynamic size of the immobilised beads is thus greatly in-
creased, now essentially corresponding to the diameter of an RCA coil. The 
hydrodynamic diameter of non-immobilised beads is unaltered. When target 
DNA is not present, no circularised padlock probes are formed and, hence, 
no RCA coils are formed. In this case, all probe-tagged beads remain free in 
solution. The lower right part of Figure 6.15 shows the m ′′  vs. frequency 
spectrum for one positive sample and for a negative control sample. The 
negative control sample exhibited a well defined Bf value, and the peak 
magnitude gave a measure of the number of free probe-tagged beads. The 
positive sample had essentially two relaxation frequencies, where the Low-
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Frequency Peak (LFP) mainly corresponded to single RCA coils with im-
mobilised beads and the High-Frequency Peak (HFP) arose from probe-
tagged beads that remained free in solution. The two relaxation events were 
resolved using a Cole-Cole fitting procedure, see Equation 3.4, and the bold 
black curves show the two contributions to the measured positive sample 
curve. The extracted peak frequency values at 310 K are also indicated. By 
measuring the decrease in the m ′′  HFP level relative to the corresponding 
level of the negative control sample, quantitative DNA target analysis can be 
performed. 



 69

 
Figure 6.15 Schematic illustration of the volume-amplified magnetic nanobead 
detection assay. In a positive sample (left part), single-stranded target DNA mole-
cules (blue lines) are recognised by padlock probes (grey lines), i.e. the 5’ and 3’ 
ends of the padlock probe hybridise to the target strand, thereby forming a circular-
ised probe-target complex. After ligation and addition of RCA polymerases, each 
circularised complex is enzymatically amplified over a certain period (the RCA 
time) to a macromolecular DNA coil (RCA coil) with a periodic sequence contain-
ing the complement of the circularised padlock probe as the repeating motif. The 
RCA coils are detected by adding detection probe oligonucleotide-functionalised 
magnetic beads (filled brown circles with grey lines) exhibiting Brownian relaxation 
behaviour, where the oligonucleotides are complementary to part of the repeating 
sequence of the RCA coils. Under these circumstances, a certain quantity of the 
probe-tagged beads binds to the RCA coils (bead immobilisation) in proportion to 
the RCA coil concentration. This, in turn, when compared with a negative control 
sample (right part), is manifested as a decreased m ′′  high frequency peak level (turn-
off detection) and/or an increased m ′′  low frequency peak level (turn-on detection). 
Adapted from Paper III. 
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Figure 6.16 shows the outcome of a quantitative analysis experiment of 
single-stranded target DNA using magnetic beads with a bare diameter of 
130 nm. Samples were incubated for 30 min at 343 K (optimal sample 
preparation procedure), the probe-tagged bead concentration was 1 nM and 
the RCA time was 1 hr. The complex magnetisation spectra were recorded at 
310 K. In order to achieve similar bead sedimentation characteristics and 
chemical environments in all samples, the negative control sample contained 
100 pM of RCA coils with a sequence that was non-complementary to the 
detection probes on the beads. An LOD of ~ 3 pM was achieved, which 
compared favourably with FP measurements. Also, in panel b, note the ex-
cellent quantification accuracy. In this case, the detection scheme is of the 
turn-off type, since it was based on the decrease in the m ′′  HFP level due to 
immobilisation of magnetic beads in the RCA coils, i.e. the number of free 
beads in the carrier liquid decreased. On the other hand, turn-on type detec-
tion relates to the increase in the m ′′  LFP level when the number of beads 
immobilised in the coils increases. Apparently, from Figure 6.15, the turn-
off type of detection was the only possible type when using 130 nm beads, 
since the m ′′  LFP levels did not correlate well with the RCA coil concentra-
tion, even though LFPs are clearly visible. 

 
Figure 6.16 Quantitative turn-off type detection of single-stranded target DNA using 
magnetic beads with a bare diameter of 130 nm. Panel a shows the imaginary part of 
the complex magnetisation (normalised with respect to the solid content of beads) 
vs. frequency at 310 K for samples with different RCA coil concentrations. Samples 
were incubated for 30 min at 343 K prior to measuring the complex magnetisation, 
the probe-tagged bead concentration was 1 nM and the RCA time was 1 hr. In order 
to achieve similar bead sedimentation rates and chemical environments in all sam-
ples, the negative control sample contained 100 pM of RCA coils with a sequence 
non-complementary to the detection probes on the beads. Panel b shows a more 
condensed representation of the data in panel (a), viz. m ′′Δ , defined by 

( ) ( )cmmm ′′−′′=′′′Δ 0  at the high frequency peak vs RCA coil concentration, c. 
Adapted from Paper III. 
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To visualise the presence of probe-tagged beads in the RCA coils, RCA 
products hybridised with probe-tagged magnetic beads were immobilised on 
a glass surface, see Figure 6.17. The oligonucleotides were labelled with a 
FITC fluorophore at the 3’ end, allowing the RCA products to be seen as 
bright micron-sized objects. A second fluorescent probe, Cy3, hybridising to 
another region in the RCA product, was added to prove the presence of RCA 
products. Local aggregations of beads co-located with the fluorescent RCA 
products were visible as black objects in the bright field image. Single mag-
netic nanobeads, on the other hand, were not visible in the microscope since 
they were too small. As a control, fluorescence-labelled oligonucleotides 
without beads were hybridised to RCA products. In this case, no aggregates 
were detected. Interestingly, the morphology of the RCA products did not 
seem to be affected by the immobilised magnetic nanobeads. 

 
Figure 6.17 Microscope analysis of immobilised RCA products in the presence or 
absence of functionalised nanobeads. RCA products immobilised on glass slides 
were hybridised with two detection probes that were labelled with Cy3 and FITC, 
respectively, and targeted two different regions in the concatemer RCA products. (a) 
Hybridisation with Cy3-labelled probes and magnetic nanobeads functionalised with 
FITC probes. (b) Hybridisation with Cy3 probes and un-conjugated FITC probes. 
Adapted from Paper III. 

Figure 6.18 shows a summary of measurements of 100 pM positive sam-
ples, prepared according to sample preparations I-X (sample prepared ac-
cording to preparation VII correspond to a NC sample). Panels a and b dis-
play the levels of m ′′  at the HFPs and LFPs, respectively, as a function of 
total incubation time, i.e. the sum of the incubation time during sample 
preparation and incubation time in the SQUID. The preparation VII data 
points correspond to a 100 pM negative control sample containing RCA 
coils with a sequence non-complementary to the bead detection probes. For 
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preparation I, the m ′′  HFP level started slightly below the NC level, indicat-
ing that the bead immobilisation was in its initial phase, and then continu-
ously decayed with time as the bead immobilisation proceeded. The m ′′  
LFP level decayed almost linearly with time, indicating a continuous broad-
ening of the relaxation time distribution for the coils with immobilised 
beads, most likely because coils can form clusters upon entanglement of the 
ssDNA chains and/or through cross-linking by beads and/or through inter-
bead interactions within the coils. For preparation II, the m ′′  HFP curve 
nearly coincided with that from preparation I, indicating that the 10 min 
initial 1.5 Hz shaking of the sample had little effect on the immobilisation 
kinetics. The same conclusion can be made for the sample prepared accord-
ing to preparation III (taken from a single measurement); vortexing the sam-
ple for 1 min periods had little effect on the immobilisation kinetics. To 
summarise the results for preparations I– III, the m ′′ HFP level was mainly 
controlled by the total incubation time. Preparations IV and V were essen-
tially equivalent but were more effective than preparations I-III, since the 
m ′′  HFP levels were a bit lower, most likely because preparations IV and V 
involved more homogenisation than preparations I-III. For preparation VI, 
the m ′′  HFP level was far below that of the sample prepared according to 
preparation V, i.e. an increased incubation temperature had a pronounced 
positive effect on the bead immobilisation kinetics. This was expected, since 
the extent of diffusion increases with temperature (Stokes-Einstein relation). 
Thus, in a positive sample, both probe-tagged beads and RCA coils exhibit 
random diffusive motion. When a bead is close enough to a hybridisation 
site in a coil, the hybridisation will occur instantaneously, i.e. the rate-
determining process is the random diffusive motion of beads and coils that 
takes place prior to hybridisation. Furthermore, the diffusion is highly tem-
perature-dependent, i.e. higher temperatures result in faster diffusion and 
therefore faster bead immobilisation. Also, if one waits longer before meas-
uring the complex magnetisation profile, more beads will be immobilised. 
Concerning preparation VII, it can be observed that the m ′′  HFP level was 
constant with respect to incubation time. The value of Bf  at the HFP was 
slightly lower than for the free beads, most likely because the RCA coils 
slightly increased the viscosity of the surrounding liquid medium, see Equa-
tion 3.3. However, this measurement proves that the time decay of the m ′′  
HFP level for positive samples is solely due to bead immobilisation and not 
due to factors such as aggregation or sedimentation of beads and coils. It can 
be seen that the m ′′  HFP level for the NC sample was far above that for the 
corresponding curves for positive samples and that the m ′′  LFP level for this 
sample was below that for the corresponding curves for positive samples. 
Furthermore, it can be concluded that sample preparation VIII, with respect 
to immobilisation of beads into RCA coils, provides the most optimal prepa-
ration conditions. Moreover, after 30 min of incubation at 343 K, the m ′′  
HFP level is nearly constant with time. Note that the decay of the m ′′  HFP 
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level was faster and greater in magnitude than that for sample preparation 
VI. Note also that for preparation X, the m ′′  HFP and LFP levels exhibited 
anomalous behaviours. This was most likely the result of the high incubation 
and measurement temperatures, which were above the melting temperature 
of the bead dextran casing as well as above the melting point of the coil-bead 
hybridisation bond. It is thus expected that, at 363 K, the dextran casing of 
the beads melted, causing bead aggregation and therefore significant broad-
ening of the m ′′  vs. frequency spectrum. Moreover, immobilised beads will 
thermally detach from the coils and there may also be thermal fragmentation 
of the RCA coils. 

 
Figure 6.18 Summary of scanning measurements with sample preparation condi-
tions I-X applied on 100 pM samples showing the levels of m ′′ as a function of total 
incubation time at the frequencies corresponding to the high and low frequency peak 
positions. In cases where the measurement was performed at temperatures other than 
310 K (328 K for VI and 343 K, 353 K and 363 K for VIII, IX and X, respectively), 
fB was calculated for the high and low frequency peaks, using Equation 3.3, from 
fB(T)/fB(310 K)=(�(310 K)/�(T))·(T/310), and the levels of m ′′ were measured at 
these frequencies. The sample prepared according to preparation VII was a negative 
control sample, while all other samples included in the figure were positive samples. 
Adapted from Paper III.   In Paper IV, turn-on and turn-off detection possibilities 
were investigated in more detail with respect to bead size. It was found that when 
performing quantitative analysis with 40 nm beads as in Figure 6.16, both turn-off 
and turn-on type detection were possible, see Figures 6.19 and 6.20.  
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Figure 6.19 Complex magnetisation vs. frequency at 310 K for 40 nm beads with 
two different proportions of oligonucleotide surface coverage and RCA coil concen-
trations ranging from 0 to 300 pM (sample preparation was incubation at 343 K 
during 30 min). The upper and lower figure panels show the real and imaginary parts 
of the complex magnetisation, respectively. Solid lines through data points are 
guides for the eye. Adapted from Paper IV. 
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Figure 6.20 The low-frequency regions of the imaginary part of the complex mag-
netisation vs. frequency at 310 K for positive samples with 40 nm beads (6 and 14 
oligonucleotides per bead in panels a and b, respectively) and RCA coil concentra-
tions ranging from 0 to 300 pM (sample preparation was incubation at 343 K during 
30 min). Prior to mixing with RCA coils, the batch solution was diluted by a factor 
of 1.5 and 2 in panels a and b, respectively. Solid lines through data points are in-
cluded as guides for the eye. 

Similar experiments conducted for 250 nm beads showed that, even for RCA 
coil concentrations as high as 300 pM, the observed LFPs were broad and 
low in magnitude, see Figure 6.21. These observations suggest that the 40 
nm beads preferably immobilise to form a collection of more or less well 
separated RCA coils containing beads. This implies that the 40 nm beads 
preferentially bind to the interior of the coils. On the other hand, the 250 nm 
beads immobilise in such a way that coil aggregates are formed. This can 
only occur if the 250 nm beads cross-link coils by binding to the exterior of 
the coils. These coil aggregates exhibit characteristic frequencies below the 
low frequency limit (0.5 Hz) of the SQUID experiments. For 130 nm beads, 
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the situation is somewhat intermediate, although only turn-off detection is 
practically possible.  

 
Figure 6.21 Complex magnetisation vs. frequency at 310 K for samples with 250 
nm beads and RCA coil concentrations ranging from 0 to 300 pM (54 oligonucleo-
tides per bead in panels a and b; in panels c and d the surface coverage was not ana-
lysed; sample preparation was incubation at 343 K during 30 min). The upper and 
lower figure panels show the real and imaginary parts of the complex magnetisation, 
respectively. Solid lines through data points are guides for the eye. Note that the 
batch dilution factor was higher in the right panels. Adapted from Paper IV. 

It was also found that, for a given RCA coil concentration, the ratio between 
the number of immobilised beads and the number of coils increased with 
decreasing bead size, see Table 6.4.  
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Table 6.4  Bead immobilisation characteristics for different bead sizes. Adapted 
from Paper IV. 

 

(i) Panels c and d in Figure 6.19 
(ii) Figure 6.16 
(iii) Panels c and d in Figure 6.21 

This is reasonable, since the available free space inside a coil is limited and a 
smaller bead size will therefore result in a larger number of immobilised 
beads. It was also found that a smaller bead size yielded faster immobilisa-
tion kinetics, see Figure 6.22.  

 
Figure 6.22 High frequency peak level of the imaginary part of the complex mag-
netisation vs. incubation time curve at 310 K for three different samples (sample 
preparation I) containing an RCA coil concentration of 100 pM and beads of the 
following sizes: 40 nm (6 oligonucleotides per bead), 130 nm (18 oligonucleotides 
per bead) and 250 nm (54 oligonucleotides per bead). Solid lines through data points 
are guides for the eye. Adapted from Paper IV. 

This is expected, since smaller beads diffuse faster. Furthermore, a larger 
number of detection probes per bead yields more efficient bead immobilisa-
tion, see Figure 6.19. This is also reasonable, since a bead with a high probe 

Original 
bead 

diameter 
(nm) 

Number of 
RCA coils 
(300 pM) 

Number of 
probe-
tagged 
beads 

Number of 
immobilised 

beads 

Number of 
immobilised 

beads per 
coil 

Ratio between 
total number 
of beads and 

coils 

40(i) 5.42·109 2.64·1011 6.07·1010 11 49 

130(ii) 5.42·109 2.78·1010 1.81·1010 3 5 

250(iii) 5.42·109 9.72·108  7.76·108 0.14 0.18 
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surface coverage is more strongly immobilised than a bead with a low sur-
face coverage. Increasing the RCA time also results in more efficient bead 
immobilisation, since more hybridisation sites are available, see Figure 6.23.  

 
Figure 6.23 Complex magnetisation vs. frequency curve at 310 K for 100 pM sam-
ples with 40 nm beads and RCA times ranging from 7.5 to 120 min (6 oligonucleo-
tides per bead), where panels a and b show the real and imaginary parts of the com-
plex magnetisation, respectively (sample preparation was incubation at 343 K during 
30 min). Solid lines through data points are guides for the eye.  
Adapted from Paper IV. 

In this figure, it can also be observed that the LFP shifted to higher frequen-
cies with decreasing RCA time, which is reasonable since the coil hydrody-
namic size decreases with decreasing RCA time. From Figure 6.20 and 6.21, 
it also follows that using a lower quantity of beads with respect to the num-
ber of RCA coils will result in higher/lower LFPs/HFPs, i.e. the system is 
tuned towards higher sensitivity. 
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Paper V: Simultaneous multiplexed analysis of DNA 
targets using the VAM-NDA bioassay 

The aim of this paper was to investigate the possibility of using the VAM-
NDA bioassay to simultaneously detect several types of DNA target, i.e. 
magnetic detection of several kinds of RCA product in the same sample vol-
ume, as an alternative to conducting several separate single-target assays. 
Assume that k kinds of DNA targets are to be detected in the same sample 
(simultaneous k-plexing). After padlock probe target recognition and RCA, k 
kinds of RCA coils, with different sequences, could be present in the sample. 
For these, k kinds of detection probes can be designed, so that each kind of 
probe exactly matches one kind of RCA coil, and these probes can then be 
conjugated to magnetic beads of k different sizes. Mixing these probe-
functionalised beads gives a multi-sized detection batch which can be used 
to probe all k kinds of RCA coil simultaneously. From a theoretical point of 
view, it is reasonable to assume that the composite complex magnetisation 
vs. frequency spectrum would be, to a good approximation, a superposition 
of k free-bead Cole-Cole distributions (Equation 3.4), each corresponding to 
one specific bead size, which can be deconvoluted to its k free bead contri-
butions by a non-linear least-squares procedure. Thereby, the k m ′′  HFP 
levels can be obtained and compared with the corresponding k m ′′  HFP NC 
levels. Here, the lower limit of the frequency window should be located 
slightly below the free bead relaxation frequency of the largest bead size. 
Furthermore, this approach assumes that the response from separate coils 
with beads and clusters of beads and coils (the composite LFP) does not 
contribute significantly to the composite m ′′  vs. frequency profile, a situa-
tion that can most efficiently be achieved by using beads that immobilise 
mainly by binding the RCA coil to large cluster structures, see Paper IV. 

Figure 6.24 displays the HFP Brownian relaxation frequency (a), the HFP 
Cole-Cole parameter (b) and the m ′′  HFP level (c) vs. target concentration 
for the T1 and T2 single-target assays. The inset in Figure 6.24c shows 
m ′′ HFP levels vs. target concentration normalised with respect to the NC 
m ′′ HFP level, from which it follows that the efficiency of the immobilisa-
tion of the two kinds of probe-tagged beads was similar. In Figure 6.24a, it 
can be observed that the HFP Brownian relaxation frequency increased 
slightly with increasing RCA coil concentration for the T2 experiment (250 
nm beads), whereas it decreased slightly in the T1 experiment (130 nm 
beads), and that the trends were well described by linear expressions. These 
observations suggest that, in the case of a 250 nm mean bead size (T2 ex-
periment), there is preferential immobilisation of larger beads and/or bead 
aggregates, whereas the opposite holds for the case with 130 nm beads (T1 
experiment). These observations are consistent with results (unpublished) 
obtained from experiments where the size distribution of the non-
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immobilised bead population for a number of different RCA coil concentra-
tions was analysed by dynamic light scattering. Detailed investigations of 
these phenomena are, however, beyond the scope of this thesis and require 
further study. Using more monodisperse beads will give smaller variations in 
the HFP Brownian relaxation frequency values when varying the RCA coil 
concentration. As can be seen in Figure 6.24b, the HFP Cole-Cole parameter 
increases slightly with increasing RCA coil concentration in both the T2 and 
T1 cases; these trends were also well described by linear expressions. In 
other words, a higher RCA coil concentration gives a broader distribution of 
relaxation times for the remaining non-immobilised bead population. A rea-
sonable explanation for this is that positively charged (protonated) amine 
groups on the surface of the non-immobilised beads (pH ~ 7) interact elec-
trostatically with the negatively charged RCA coil DNA chains. This implies 
that a bead interacting with a coil electrostatically, without immobilisation 
via base-pair hybridisation, exhibits Brownian relaxation behaviour slightly 
different from that of a completely free bead, which gives rise to a slight 
HFP broadening. For clarity, due to the particular oligonucleotide coupling 
chemistry used, the amine groups were either situated on iodoacetamide 
alkylated surface sites or appeared as non-reacted functionalities on the dex-
tran surface of the beads (see Figure 6.10). It should also be mentioned that 
a detection probe on a bead in close vicinity to an RCA coil has to be in a 
very specific sterical position with respect to the RCA coil DNA chain in 
order to hybridise. This implies that a probe-tagged bead in close vicinity to 
a coil is able to interact electrostatically with the coil without necessarily 
immobilising. 
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Figure 6.24 Panels a, b and c show Brownian relaxation frequencies, Cole-Cole 
parameters and m ′′  HFP levels, respectively, measured at 310 K for the T1 (130 nm 
beads, 14 oligonucleotides per bead) and T2 (250 nm beads, 186 oligonucleotides 
per bead) single-target assays (sample preparation was incubation for 30 min at 343 
K). The first two parameters were obtained from Cole-Cole fits (Equation 3.4) 
whereas the third represents the maximum values of the HFPs. Exponential fits are 
indicated in panels a and b. The inset in panel c shows m ′′  HFP levels normalised 
with respect to the negative controls. Genomic background material was added after 
RCA to achieve similar sedimentation/adsorption conditions.  
Adapted from Paper V. 
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Figure 6.25 shows composite m ′′ vs. frequency spectra for twelve selected 
T1, T2 concentration combinations. From panel a, it can be concluded that 
the magnitude of the real part of the complex magnetisation tended to de-
crease when the sum of the target concentrations increased, which is reason-
able since this quantity is related to the total quantity of immobilised beads.  

 
Figure 6.25 Composite complex magnetisation vs. frequency at 310 K visualising 
the outcome of the T1, T2 quantitative duoplexing experiment using a dual-sized 
detection batch obtained by mixing 130 nm (T1 probe) and 250 nm (T2 probe) beads 
(sample preparation was incubation for 30 min at 343 K). Panels a and b show the 
real and imaginary parts of the complex magnetisation, respectively. Lines are in-
cluded as a guide for the eye. Genomic background material was added after RCA to 
achieve similar sedimentation/adsorption conditions. Adapted from Paper V. 
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In order to determine the m ′′  HFP levels corresponding to T1 and T2, the 
two free-bead Cole-Cole contributions to each composite m ′′ vs. frequency 
spectrum had to be extracted through a non-linear curve-fitting procedure 
(deconvolution). For k=2, there are a total of six free fitting parameters, 
viz. 1,1,0 TT mm ∞− , 1,TBf , 1Tα , 2,2,0 TT mm ∞− , 2,TBf  and 2Tα . To improve 
the accuracy of the deconvolution procedure, the free-bead Brownian relaxa-
tion frequency values were locked to the values from the linear fittings in 
Figure 6.24a, rendering four free fitting parameters for each T1, T2 combi-
nation. Figure 6.26 displays the outcome of the deconvolution of the com-
posite m ′′ vs. frequency spectra in Figure 6.25b where panels a and b display 
the m ′′  HFP levels belonging to the T2 and T1 relaxation peaks, respec-
tively, and panels c and d show the Cole-Cole parameters belonging to the 
T2 and T1 relaxation peaks, respectively. These data are indicated by solid 
circles and, at each of these points, the concentration of the opposite target is 
shown. The cross symbols represent data from the T1 and T2 single-target 
assays (Figure 6.24c); observe that these values were recalculated to account 
for the fact that the m ′′  HFP levels in Figure 6.24c were given in units of 
emu per grams of mixture of the two bead sizes whereas the m ′′ HFP levels 
in Figure 6.26 were given in units of emu per gram of one single-bead size. 
As can be seen in panels a and b, the single-target negative control m ′′  HFP 
levels were somewhat lower in magnitude than the dual-target negative con-
trol levels, an observation which can be explained by a lower sedimentation 
speed and/or bead adsorption tendency in the dual-target negative control 
sample. Furthermore, the single-target m ′′  HFP levels tended to be some-
what lower in magnitude than the dual-target levels and the spread in m ′′  
HFP levels was larger in the T1 case (panel b). Moreover, in the T1 case, at a 
given T1 concentration, the m ′′  HFP levels tended to be higher for a higher 
T2 concentration whereas the T2 m ′′  HFP levels (panel a) were somewhat 
more insensitive to T1 concentration variations. These observations are pos-
sibly related to the bead/coil attractive electrostatic interaction discussed in 
connection with the single-target assays above. More precisely, since probe-
tagged beads can interact electrostatically with matching RCA coils as well 
as with non-matching RCA coils, the presence of non-matching coils could 
affect the hybridisation between the probe-tagged beads and their matching 
RCA coils. This interpretation is supported by the fact that the 130 nm beads 
were affected more by the presence of non-matching coils than the 250 nm 
beads, where the latter beads had considerably more oligonucleotides per 
surface area unit. Here, the oligonucleotides “screened” the positively 
charged amine groups. As can be seen in Figures 6.26c and d, for a given 
concentration of one target, the Cole-Cole parameter increased slightly with 
increasing concentration of the opposite target. The interpretation of this is 
similar to that of the HFP broadening effects in the single-target cases. 
In summary, the T2 m ′′  HFP levels, obtained from the relaxation frequency 
peak height of free 250 nm beads (Figure 6.26a), were relatively insensitive 
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to variations in T1 target concentrations in the dual-target detection batch. 
Roughly, a doubling of the T2 target concentration in the concentration 
range between 10 and 100 pM could be assessed. Further, since the spread in 
T1 m ′′  HFP levels had a systematic pattern, a T1 m ′′  HFP level adjustment 
procedure can be implemented after deconvolution to improve the T1 quanti-
fication accuracy. In this, the obtained T1 m ′′  HFP level should be slightly 
adjusted downwards if the T2 concentration is found to be 100 pM or higher. 
Additionally, the spread in m ′′ HFP levels can be further decreased by using 
more monodisperse beads. As well, beads with higher probe coverage should 
be chosen in order to screen unwanted electrostatic interactions between 
beads and non-matching coils. Also, for decreasing the effect of the electro-
static bead/coil interaction, one could also use a buffer environment with a 
higher pH in order to decrease the number of protonated amine groups on the 
beads. Choosing bead sizes that differ more from each other, in order to get 
more separated HFPs, would also give a more accurate deconvolution proce-
dure. For this, a magnetometer device with a larger frequency window would 
be required. Thus, simultaneous duoplexing performed with the particular 
beads used in this study needs to be optimised further to give as good quanti-
tative results as obtained in a single target assay, but the results presented 
above show that the procedure can, in principle, be used to quantify multiple 
biomolecules in multiplex assays. 
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Figure 6.26 m ′′  HFP levels (panels a and b) and Cole-Cole parameters (panels c and 
d) vs. target concentrations obtained from the deconvolution procedure of the T1, T2 
duoplexing spectras in Figure 6.25 panel b, indicated by solid circles. In each panel, 
the concentration of the opposite target is indicated at each data point. The cross 
symbols represent data from Figure 6.24 c; observe that these values have been 
recalculated because the duoplexing experiment involved two kinds of beads. 
Adapted from Paper V. 

 

Figure 6.27 displays composite complex magnetisation vs. frequency at 
310 K visualising the outcome of the qualitative demonstration of T1, T2, T3 
triplexing, where panels a and b display the real and imaginary parts of the 
complex magnetisation, respectively. Five different T1, T2, T3 concentration 
combinations were selected. In Figure 6.27a, as in Figure 6.25a, it can be 
observed that the magnitude of the real part of the complex magnetisation 
tended to decrease when the sum of the target concentrations increased. 
Also, the “T1 0 pM, T2 0 pM, T3 300 pM” m′ curve was situated above the 
“T1 300 pM, T2 0 pM, T3 0 pM” curve which can be explained by the fact 
that the 80 nm beads had lower immobilisation efficiency than the 130 nm 
beads because of a considerably lower detection probe surface coverage on 
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the 80 nm beads. In panel b, it can be seen that the “T1 300 pM, T2 300 pM, 
T3 300 pM” sample exhibited a flat m ′′ vs. frequency profile of low magni-
tude, where the 250 nm and 130 nm free-bead m ′′  peaks have almost disap-
peared and only a small 80 nm m ′′ free-bead peak is visible around 130 Hz. 
For the “T1 0 pM, T2 300 pM, T3 300 pM” sample, the 250 nm and 80 nm 
m ′′  peaks have strongly diminished in height compared with the NC, and 
only a 130 nm m ′′  peak is visible around 100 Hz, mainly corresponding to 
free 130 nm beads but a small contribution from non-immobilised 80 nm 
beads can not be ruled out. For the “T1 300 pM, T2 0 pM, T3 0 pM” sample, 
the 130 nm m ′′ peak has strongly diminished in height compared to the NC 
and the composite m ′′ vs. frequency spectrum is essentially a superposition 
of two m ′′  peaks, corresponding to free 250 nm and 80 nm beads, respec-
tively. The interpretation of the composite m ′′  vs. frequency spectrum for 
the “T1 0 pM, T2 0 pM, T3 300 pM” sample is similar. 
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Figure 6.27 Composite complex magnetisation vs. frequency at 310 K visualising 
the outcome of the T1, T2, T3 qualitative triplexing experiment using a triple-sized 
detection batch obtained by mixing 80 nm (T3 probe, 3 oligonucleotides per bead), 
130 nm (T1 probe, 14 oligonucleotides per bead) and 250 nm beads (T2 probe, 186 
oligonucleotides per bead) (sample preparation was incubation for 30 min at 343 K). 
Panels a and b show the real and imaginary parts of the complex magnetisation, 
respectively. All samples included genomic background material. Lines are inserted 
as guides for the eye. Adapted from Paper V. 
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7. Summary and concluding remarks 

In this thesis, a new magnetic biosensor principle suitable as a potential plat-
form for low-cost, easy-to-use diagnostics, the VAM-NDA bioassay, has 
been demonstrated for detection of DNA targets. Prior to read-out, the assay 
is basically conducted in three steps, viz. (i) target recognition by padlock 
probe ligation, (ii) RCA of circularised probes for a specific time (RCA 
time) giving RCA products (RCA coils) and (iii) addition of detection probe-
tagged magnetic beads which exhibit Brownian relaxation behaviour (where 
the probes on the beads are complementary to part of the RCA coil repeating 
sequence) followed by incubation. In step (iii), if RCA coils are present (a 
positive sample), a certain proportion of the beads (dependent on the concen-
tration of the RCA coils) will bind to the coils (bead immobilisation), render-
ing a large hydrodynamic increase in the volume of the immobilised beads. 
Thus, the Brownian relaxation frequency is considerably lowered when a 
bead is immobilised but is unaltered for non-immobilised beads. When no 
RCA coils are formed (negative control sample), all the added beads remain 
free. The read-out after step (iii) is conducted by measuring the complex 
magnetisation vs. frequency spectrum, typically at 310 K from 0.5 to 1000 
Hz. The response of non-immobilised and immobilised beads is manifested 
as a high frequency peak (HFP) and a low frequency peak (LFP) in the 
imaginary part of the complex magnetisation ( m ′′ ) spectrum and, by meas-
uring the m ′′  HFP (turn-off) and/or the m ′′  LFP (turn-on) level, target quan-
tification is accomplished. One could also just measure the complex mag-
netisation at these two particular relaxation frequencies. Simultaneous multi-
plexing can be conducted by using one specific bead size for each kind of 
target. Also, the assay principle can be generalised to detect RNA and pro-
tein targets. Using relatively monodisperse magnetic beads and a commer-
cial SQUID magnetometer for measuring the dynamic magnetic properties, 
an LOD in the low pM range and excellent quantification accuracy are 
achieved.  Besides the sample preparation procedure, bead size and detection 
probe bead surface coverage, as well as RCA time, all affect the outcome 
and efficiency of the assay. The most important factor governing the assay 
sensitivity is the quantity of beads relative to the number of RCA coils. 
Moreover, for achieving a higher sensitivity than demonstrated in this thesis, 
one should use considerably lower quantities of beads. However, this was 
not possible because of the kind of SQUID instrument used in the appended 
papers, which had a comparatively low pick-up coil filling factor, and was 
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thus unable to sense very low bead concentrations. A low-cost, mass-
producible biodiagnostic device based on the VAM-NDA method would 
also require development of a miniaturised magnetic sensor device, possibly 
of a magnetic biochip type (see Chapter 3.3.2.1), to measure the dynamic 
magnetic sample response. Micro-Hall sensors, which are in principle able to 
measure both static and dynamic magnetic properties, seem to be a realistic 
candidate. Another option would be to construct a miniaturised version of 
the sensor used in Fannin et al. (1986), the so-called slit toroidal circuit. The 
final diagnostic device should also include microfluidics for reagent storage 
and sample preparation. If using a magnetic field sensor of a spin-valve or 
micro-Hall type, a static VAM-NDA read-out could most likely be obtained 
by either attaching RCA coils to, or letting them form on, the sensor surface 
and then adding the probe-tagged beads to trap the beads in close vicinity to 
the sensor surface. Non-trapped beads would then be removed by applying a 
washing step. 

Additionally in this thesis, the complex magnetisation was measured to 
investigate the stability and aging of typical commercial ferrofluids and the 
effect on interbead interactions of attaching single-stranded oligonucleotides 
to magnetic beads. In summary, it was found that varying the bead surface 
properties had a large impact on both the interactions between the beads and 
the dynamic magnetic properties. It was also found that even small external 
magnetic DC fields strongly affected the dynamic magnetic response of a 
ferrofluid. 
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8. Suggestions for further work 

In connection with the development of the VAM-NDA bioassay, the main 
challenge is now to replace the bulky SQUID magnetometer with a miniatur-
ised magnetic sensor chip, as emphasised in Chapter 7. Besides this, optimi-
sation of the synthetic procedure for probe-tagged magnetic beads is urgent, 
since the SPDP coupling method applied so far exhibits very poor coupling 
yields. Furthermore, bead immobilisation mechanisms should be further 
investigated using techniques other than complex magnetisation, for example 
light scattering. Also, simultaneous multiplexing has to be further optimised 
in order to obtain more accurate quantification, possibly by using more 
monodisperse beads or choosing target-corresponding bead sizes that are 
more different from each other. The latter would require a magnetometer 
with a larger frequency window.  
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9. Summary of appended papers 

Paper I Aging phenomena in ferrofluids suitable for 
magnetic biosensor applications 
Aging phenomena were investigated in three different ferrofluids containing 
submicron-sized magnetic beads consisting of a cluster of iron oxide 
nanoparticles embedded in a dextrane casing with primary amine groups on 
the surface (one fresh sample and one sample aged for three months) or with 
a plain surface (only dextrane on the surface, aged for three months). The 
main characterisation technique used was measurements of the frequency-
dependent complex magnetisation using a superconducting quantum inter-
ference device. The experimental factors considered were the effect of ultra-
sonication, temperature, dc bias magnetic field, and addition of sodium do-
decyl sulphate surfactant. The stability with respect to aging was found to 
depend strongly on the bead surface, and the reproducibility of a refreshing 
procedure involving addition of surfactant in combination with ultrasonica-
tion was shown to be low. Aggregation was strongly affected by the pres-
ence of even a small bias magnetic field. Applying a dc bias field caused the 
formation of more or less stable chainlike aggregates of various lengths. 

Paper II Interbead interactions within oligonucleotide 
functionalised ferrofluids suitable for magnetic 
biosensor applications 
Interactions in oligonucleotide-functionalised ferrofluids were investigated 
by measuring the frequency-dependent complex magnetisation in a super-
conducting quantum interference device. The ferrofluids consisted of aque-
ous suspensions of single-stranded oligonucleotide-functionalised 130 nm 
magnetic beads, suitable for further use in magnetic biosensor applications. 
The interbead interactions depended strongly on the extent of surface cover-
age by oligonucleotide molecules. At low surface coverage, aggregates of 
beads were formed within the ferrofluid, most likely as a result of interbead 
SS crosslinking reactions. When the surface coverage was increased, the 
entropic interbead repulsion arising from the thermal motion of oligonucleo-
tide molecules began to stabilise the ferrofluid by preventing aggregation, 
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and the cross-linking probability decreased. At a surface coverage of ~ 40 
oligonucleotides per bead, determined by radioactive labelling analysis, an 
optimal configuration was obtained and the ferrofluid behaved as if it con-
sisted almost entirely of non-interacting beads. At higher degrees of oligonu-
cleotide modification, the high surface coverage reduced the thermal motion 
flexibility of the oligonucleotide chains, which decreased the entropic repul-
sion effect. This in turn led to a higher crosslinking probability, as well as an 
increase in the hydrodynamic size of the beads. Thus, an almost entirely 
aggregate free ferrofluid sample, in which an optimal degree of stability and 
the highest Brownian relaxation frequency have been achieved in the low 
surface coverage region, may be considered as most appropriate for further 
use in magnetic biosensor applications, from both a functional and an eco-
nomic point of view. 

Paper III Sensitive molecular diagnostics using volume 
amplified magnetic nanobeads 
In this paper, we demonstrated a new principle for diagnostics based on 
DNA sequence detection using single-stranded oligonucleotide-tagged mag-
netic nanobeads. The target DNA was recognised and volume-amplified to 
large coils by circularisation of linear padlock probes through probe hybridi-
sation and ligation, followed by rolling circle amplification (RCA). Upon 
hybridisation of the nanobeads in the RCA coils, the complex magnetisation 
spectrum of the beads changed dramatically, induced by the attached vol-
ume-amplified target molecules. We showed that the magnetisation spectrum 
of the nanobeads can be used for concentration determination of RCA coils 
down to the pM range, thus creating an opportunity for a nonfluorescence-
based, cost-efficient, high-sensitivity diagnostics tool. We also showed that 
incorporation of beads in the coils was diffusion-controlled and consequently 
may be accelerated by incubating the sample at higher temperatures. 

Paper IV Microscopic mechanisms influencing the 
volume amplified magnetic nanobead detection assay 
The volume-amplified magnetic nanobead detection assay was investigated 
with respect to bead size, bead surface coverage by probe oligonucleotides, 
bead concentration and rolling circle amplification (RCA) time, with the 
objective of improving understanding of the microscopic mechanisms influ-
encing the assay. The most important findings for future biosensor develop-
ment were the following: (i) Small beads exhibited a much reduced tendency 
to cross-link several RCA products, thus enabling use of both complex mag-
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netisation turn-on and turn-off detection strategies, whereas larger beads 
only allowed for turn-off detection; (ii) small beads exhibited faster immobi-
lisation kinetics, thus reducing the time for diagnostic test completion, and 
also immobilised in larger numbers than larger beads; and (iii) qualitative 
dual-target detection of bacterial DNA sequences were demonstrated using 
130 and 250 nm beads, thus showing that the bioassay allows multiplexed 
detection. 

Paper V Simultaneous multiplexed detection of 
bacterial DNA sequences using the volume-amplified 
magnetic nanobead detection assay 
The possibility of conducting multiplexed detection of bacterial DNA se-
quences using the volume-amplified magnetic nanobead detection assay was 
investigated. In this methodology, a multi-sized batch of probe-tagged mag-
netic beads was used for simultaneous target detection. Furthermore, a non-
linear least-squares deconvolution procedure was applied to the composite 
imaginary part of complex magnetisation vs. frequency spectra based on the 
Cole-Cole model to analyse the data. The results from a quantitative du-
oplexing experiment were compared with those from the corresponding 
separate single-target assays. Finally, triplexing was demonstrated qualita-
tively. Simultaneous multiplexing may become a complement to performing 
many separate single-target assays, for example for simultaneous detection 
of multiple infectious pathogens. Multiplexing also permits robust relative 
quantification and inclusion of an internal control to improve quantification 
accuracy.  
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Summary in Swedish / 
Sammanfattning på svenska 

Billig och känslig molekylärdiagnostik med hjälp av magnetiska 
nanopartiklar 

Alltsedan begreppet biosensor etablerades i mitten av 1950-talet har intresset 
för att utveckla snabba, känsliga och kostnadseffektiva metoder för detektion 
av biomolekyler vuxit. Biomolekylen som man önskar detektera benämnes 
målmolekyl och kan exempelvis vara ett protein eller en nukleinsyra som 
utgör en sjukdomsmarkör eller spår av skadliga mikroorganismer. Moleky-
len som igenkänner målmolekylen kallas probmolekyl. Exempelvis kan 
prob- och målmolekyl vara två enkelsträngade DNA-molekyler som är kom-
plementära till varandra eller en antikropp och ett protein. Interaktionen mel-
lan prob- och målmolekyl benämns ofta molekylär igenkänning. I en biosen-
sor igenkänns målmolekylen och igenkänningsreaktionen omvandlas till en 
tolkningsbar signal genom en s.k. transduktionsmekanism vilken ofta klassi-
ficerar biosensorn. Man talar sålunda om t.ex. elektrokemiska, optiska och 
magnetiska biosensorer. Den sistnämnda kategorin innefattar användandet 
av mikrometer- eller nanometerstora magnetiska partiklar, s.k. magnetiska 
pärlor. Magnetiska pärlor dispergerade i lösning brukar benämnas ferrofluid 
och i applikationssammanhang är det viktigt att ferrofluiden är stabil, d.v.s. 
att pärlorna inte aggregerar. Två vanliga sätt att stabilisera en ferrofluid är att 
täcka ytan med laddade molekyler eller surfaktanter. En försämring av en 
ferrofluids stabilitet med tiden brukar kallas åldring. Magnetiska pärlor an-
vänds i stor utsträckning inom livsvetenskaperna exempelvis som kontrast-
medel, för separation av biomolekyler i ett prov samt för cancerbehandling, 
s.k. hypertermi. Användandet av magnetiska pärlor i biosensorsammanhang 
erbjuder en rad unika fördelar. Magnetiska pärlor kan tillverkas till låg kost-
nad och kännetecknas av mycket stabila kemiska och fysiska egenskaper. 
Vidare erhålls mycket låga bakgrundssignaler i sensorn eftersom provets 
övriga beståndsdelar i regel är ickemagnetiska. Magnetiska biosensorer kan 
grovt sett indelas i två huvudkategorier, nämligen substratbaserade och icke 
substratbaserade. Sensorer baserade på den förstnämnda kategorin kallar 
man ofta magnetiska biochips vilka innefattar en liten magnetisk sensor på 
ett chip. Exempel på substratbaserade sensorer är s.k. spinn-ventil sensorer 
och Hallsensorer vilka båda känner av magnetfälten från magnetiska pärlor 
som befinner sig nära sensorytan. Ett exempel på en icke substratbaserad 
metod eller ”labb på en pärla” metod är den s.k. Brownska relaxationsprinci-
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pen. I den klassiska utformningen av denna fästs probmolekylerna på ytan av 
magnetiska pärlor som uppvisar Brownsk relaxation.  Om målmolekyler är 
närvarande i provet ökas pärlornas hydrodynamiska volym genom att mål-
molekylerna fäster på ytan av pärlorna. Denna volymsökning kan i sin tur 
mätas genom att applicera ett oscillerande magnetfält i vilket pärlor med 
större volym roterar långsammare än de med mindre volym. Man säger att 
de förstnämnda pärlorna har en lägre Brownsk relaxationsfrekvens än de 
sistnämnda.  Således uppstår en ändring av pärlornas relaxationsfrekvens om 
målmolekyler är närvarande i provet och kvantitativ analys kan uppnås ge-
nom att frekvensändringen blir större ju fler målmolekyler som finns i pro-
vet. Emellertid blir denna ändring relativt blygsam om målmolekylen är 
mycket mindre jämfört med pärlans storlek vilket utgör en begränsning vad 
beträffar biosensorns känslighet. 

En mycket viktig länk i processen att utveckla en kraftfull biosensor är, 
förutom transduktionsmekanismen, den molekylära igenkänningsmekanis-
men. För att ytterligare öka sensorns känslighet är det ofta nödvändigt att 
förstärka prob-målmolekylkomplexet med s.k. molekylär amplifiering. Mo-
lekylära igenkännings- och amplifieringsmekanismer brukar benämnas mo-
lekylära verktyg. En mycket effektiv igenkänningsmetod för enkelsträngade 
DNA eller RNA målmolekyler är användandet av s.k. hänglåsprober vilka 
består av enkelsträngade DNA eller RNA molekyler där ändarna är kom-
plementära till sina målmolekyler. Igenkänningen resulterar sålunda i att 
probmolekylen bildar en cirkel med målmolekylen på släp. Om prob- och 
målmolekylen matchar varandra i båda ändarna kan probmolekylens ändar 
sammanfogas av ett enzym, s.k. ligering. Varje cirkulariserad produkt kan 
sedan amplifieras genom s.k. rullandecirkelamplifiering (RCA) där ett en-
zym ”rullar ut” en lång sträng med en repeterande sekvens som motsvarar 
komplementet till den cirkulariserade hänglåsproben. I lösning bildar denna 
långa sträng ett s.k. RCA-nystan. Även proteiner kan igenkännas på ett lik-
nande sätt genom användandet av s.k. proximitetsprober bestående av par av 
antikroppar med DNA-strängar. Två sådana greppar tag om proteinet varvid 
DNA-strängarna kommer i närheten av varandra. Efter ytterligare ett par steg 
kan en cirkel erhållas vilken genom RCA kan omvandlas till ett nystan. 

I denna avhandling ligger huvudfokus på demonstrationen av en ny mag-
netisk biosensorprincip för DNA detektion, den s.k. volymamplifierade 
magnetiska pärlmetoden (VAM-NDA) vilken kombinerar användandet av 
hänglåsprober och RCA med den Brownska relaxationsprincipen. Denna 
biosensorprincip utgör en potentiell grundstomme för framtagandet av en ny 
generation av biosensorer för billig och känslig molekylärdiagnostik. Meto-
den går i korthet till på följande sätt: Efter igenkänning av mål-DNA m.h.a. 
hänglåsprober och RCA tillsätts magnetiska pärlor med probmolekyler på 
ytan som är komplementära till en del av RCA-nystanens repeterande se-
kvens och provet inkuberas en viss tid. Detta medför att en viss andel av 
pärlorna binder till nystan och erhåller därvid en avsevärt större volymök-
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ning än i den klassiska utformningen av den Brownska relaxationsprincipen. 
Eftersom fler pärlor binder till nystan vid en högre koncentration av nystan 
kan kvantitativ analys utföras. För att optimera känsligheten bör en rad fak-
torer beaktas såsom provprepareringsproceduren, hur länge nystanen rullas 
ut, pärlstorleken samt hur många prober det sitter på varje pärla. Dock är den 
viktigaste faktorn hur många pärlor man har relativt antalet nystan. För att 
uppnå en hög känslighet skall man använda små mängder pärlor. Man kan 
även detektera flera sorters nystan samtidigt genom att för varje sorts nystan 
välja en specifik pärlstorlek och probmolekyl på pärlytan.  

Förutom demonstration av VAM-NDA metoden har åldringsfenomen i 
typiska kommersiella ferrofluider undersökts i denna avhandling samt hur 
växelverkan mellan magnetiska pärlor påverkas av att korta DNA-strängar 
fästs i olika antal på deras yta. Sammanfattningsvis kan sägas att en ferroflu-
ids magnetiska respons i stor grad styrs av pärlornas ytegenskaper.  
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