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4.1

Introduction

Magnetic nanoparticles (MNPs) offer attractive possibilities for application in biomedicine. Living
cells are in a size regime of 10 μm. Magnetic nanoparticles however are smaller by up to three
orders of magnitude and their size is comparable to the size of analytes to be detected like
viruses, proteins or genes [1]. A biosensor is an integrated analytical device that uses a
recognition element, generally a biomolecule, to bind an analyte, and a transduction mechanism
for the detection of this binding event [2].
Conventional biosensors normally used fluorescent tags to mark biomolecules. This often
required heavy and expensive fluorescence detection systems and micro-spotters for detection.
Therefore the application of MNPs with their unique properties attracted lots of attention for the
development of novel biosensor systems. Over the last decades, magnetic separation and
detection technology has emerged as one of the most promising solutions [3]. In this method,
colloidal particles are manipulated by mismatches in their magnetization. Additionally, the
magnetic force can be used to separate and detect particles with different nonmagnetic
properties such as size, shape, density, or the amount of molecules which are attached to their
surface [3].
Magnetic biosensors are classically divided into substrate-based and substrate-free biosensors.
If the target is present, the probe functionalized MNPs directly bind to the sensor’s surface. These
sensors are called substrate-based biosensors [4]. In contrast substrate-free sensors make use of
the resonance behavior of nanoparticles, where the probe and target hybridization causes a
change in the resonance behavior [4]. The sensors are also different in their way of detecting the
magnetic particles often called labels, their signal-to-noise ratio, sensor dimensions, types of
particles used for the detection, experimental conditions as well as the amplification technique
[5].
The product assortment of micromod provides different types of magnetic nano- and
microparticles that are interesting tools for the development of both biosensor types (Table 1).
The superparamagnetic dextran iron oxide composite particles of the nanomag ®-D and
nanomag®-D-spio type as well as the magnetic polystyrene microparticles (micromer ®-M) were
widely studied especially as tools in substrate based biosensors. The Bionized NanoFerrite
particles BNF-Starch and BNF-Dextran are thermally blocked at room temperature and provide
optimal magnetic properties as tools in substrate-free biosensors. Here we present an overview
www.micromod.de
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on recent applications of magnetic nano- and microparticle systems that were provided by
micromod. After a short introduction in the different biosensors in general, the results obtained
with individual MNPs based sensors are discussed. Furthermore the substrate-based biosensor
systems are divided by their read-out-systems, and the substrate-free biosensors are divided by
properties of the particles, which were used in the sensor.

4.2

Read-out Systems

The biosensors applying MNPs can be divided directly by their general sensor read-out system
as well as by the different particle properties used for the read-out. While for substrate-based
biosensor systems mainly the bare presence of MNPs with their large magnetic moments is of
advantage, the substrate-free biosensors mainly use different unique properties of nanoparticles
especially resonance phenomena. An overview of the different read-out systems for biosensors is
introduced.
The biorecognition assay normally starts with the introduction of an unknown sample previously
specifically labeled with MNPs. This target corresponds to the analyte. If the analyte and target
strands are complementary a biomolecular reaction occurs. For most substrate based sensors a
washing step removes all other unrecognized targets. This washing step is not necessary for most
substrate-free biosensor systems.
The folloing sections will further introduce specifications of the different sensor types and how the
magnetic particles are used to determine the presence of a target.

4.2.1 Magnetoresistive sensors
A change in the resistivity due to a magnetic field is known since the 1860s as a magnetoresistive
effect. Nevertheless, the discovery of the antiferromagnetic exchange coupling [6] and the giant
magnetoresistive effect [7] led to the technological development for high sensitivity magnetic
nanostructures [8]. In ferromagnetic transition metal alloys like FeNi or FeNiCo, the anisotropic
magnetoresistive effect can be observed. A change of the alloys resistance occurs when the
magnetization changes from parallel to transverse with respect to the direction of current flow.
This is the basis for planar Hall sensors and anisotropic magnetoresistance sensors [8]. The basis
for giant magnetoresistive sensors and spin-valve sensors is the giant magnetoresistive effect.
This effect is based on the spin dependent interfacial and bulk scattering asymmetry in spin-up
and -down conduction electrons in ferromagnetic-antiferromagnetic multilayer structures. The
application of a magnetic field changes the relative orientation of two magnetic layers leading to
a change in the resistance of the layer structure [7].
Magnetoresistive sensors are in general substrate-based. Thus, biochip platforms utilizing
magnetoresistive sensors have been used in the last few years for biomolecular detection down
to the femtomolar range [9, 10].
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The MNPs are magnetized by applying an
external magnetic field. The fringe field is
created by the immobilized nanoparticles
and detected by the magnetoresistive
sensors (Figure 1) [8]. The sensor’s electrical
resistance

varies

proportional

to

the

number of biomolecular recognition events
[9].

Fig. 1: Illustration of a magnetoresistive biosensor.

4.2.2 Inductive sensors
Inductive sensors are based on the changes of the magnetic permeability of gases, liquids or
solid samples placed inside a measuring coil [11]. MNPs in the coils or close to the coils lead to
changes in the induced voltage in the sensor. The number of particles is proportional to the
induced voltage immobilizing the functionalized nanoparticles in the sensor area [12].
Susceptibility sensors also utilize the detection techniques via induction. The particle’s rotational
dynamics as a result of binding events are detected instead of the bare presence of the
particles. These biosensor types mainly use the Brownian relaxation phenomenon [13, 14]. This
describes the physical frequency dependent rotation of MNPs in an external magnetic field. Due
to the binding of target molecules onto the functionalized MNPs the hydrodynamic diameter of
the particles changes and furthermore clustering can occur. As a consequence the Brownian
relaxation time changes as well [13, 15]. The frequency dependent behavior can be determined
in a classical AC susceptometer. Two pick-up coils are placed inside an excitation coil. The
excitation coil generates a frequency dependent magnetic field which should generate identical
voltages in the pick-up coils. Placing a sample in one of the pick-up coils leads to an asymmetric
voltage in the coil system enabling the determination of the magnetic susceptibility.

4.2.3 SQUID sensors
Magnetometers based on DC superconducting quantum interference devices (SQUIDs) are the
most sensitive devices for measuring weak magnetic fields [16]. They are operating at cryogenic
temperatures with quantum-limited sensitivity in the regime of 10-17 T [17].
Below a critical temperature the electrical resistivity of certain materials approach zero due to
the binding of electrons in weakly bound Cooper pairs [18]. The materials enter the
superconducting state. If such a material is exposed to an external magnetic field, it behaves like
an ideal diamagnet [19]. Therefore, when a superconducting material forms a ring, a magnetic
field inside this ring would stay trapped below the critical temperature. Insertion of a small plate
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of a non-superconducting material in the ring enables the measurement of the tunneling current
[20]. This so called Josephson effect provides the possibility of measuring small changes in the
magnetic field inside a SQUID [17].

4.2.4 Optomagnetic sensors
Optomagnetic sensors allow fast, inexpensive, highly sensitive and also quantitative
measurements of the concentration of biomolecular targets in solution by monitoring the light
modulation of self-assembled nanoparticles or by their changing rotational behavior [21-24].
The optomagnetic detection takes advantage
of the rotational dynamics of MNPs [21]. The
nanoparticles used in optomagnetic detection
are thermally blocked, therefore Brownian
relaxation

is

dominating. Two

different

measurement techniques can be applied. The
first one exerts a static magnetic field utilizing
changes of the optical density in dependence
of presence of the target building sandwich like
structures

with

specifically

labeled

nanoparticles [24]. It relies on the fact that two
single nanoparticles scatter less light than a
doublet, therefore affecting the optical density.
Fig. 2: Optomagnetic biosensor detection scheme

The second technique operates with a weak
AC

field.

When

a

weak

AC

sinusoidal

magnetic field is applied with a certain frequency the nanoparticles rotate physically and form
chains. When the magnetic field is reversed the particle’s chains will break due to thermal
agitation and due to magnetic torque on individual particles. The rotation of nanoparticles, which
normally do not have a regular shape, and the formation and breaking of chains will lead to
modulations of transmitted light which follow the Brownian relaxation dynamics (illustrated in Fig.
2). The binding nanoparticles to an analyte changes the hydrodynamic size of the particles and
consequently the Brownian relaxation dynamics [22]. Additional clustering of the particles due to
binding to the same target is possible, which will also influence the scattering dynamics [21].

4.2.5 NMR sensors
Sensors based on nuclear magnetic resonance (NMR) are fast compared to other detection
techniques due to the fact that they do not require solid-phase immobilization, diffusion of
nanoparticles into the sensing element or discrete amplification steps [25].
The principle of NMR relies on the nuclear spin of atoms. Hydrogen atoms are the most important
ones due to the largest nuclear spin. If the nuclei are in an external static magnetic field, the spins
align parallel or antiparallel to this field. A transition between these two states can be achieved
temporally by applying a time varying magnetic field perpendicular to the static field.

4
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The frequency of this field is the Larmor frequency and is proportional to the energy gap between
the two energetic states of the nuclei’s spins [26, 27]. The perturbation of the nuclear spin causes
a change in the net magnetization longitudinal and transversal to the static magnetic field with
two different relaxation times T1 and T2 respectively [26, 27]. Both relaxation processes are
executed independently and simultaneously. The longitudinal relaxation with the relaxation time
T1 mainly depends on the static magnetic field strength. In contrast the transversal relaxation (T 2)
results from the magnetic dipole-dipole interactions, diffusion constants of protons and

inhomogeneities in the external field [26, 27]. However, the presence of MNPs strongly influence
the relaxation time T2 [26, 27].

NMR sensors are so called proximity
sensors

which

accelerate

relaxation

rate

hydrogen

nuclei

employing
resonance

of

neighboring
[25].

diagnostic
use

the
Assays

magnetic

affinity-conjugated

MNPs which bind to molecular targets
and therefore induce a change in the
relaxation rate of the hydrogen nuclei.
Two

different

modes

can

be

distinguished. In the first mode large
structures such as whole cells are
labeled and after the labeling step

Fig. 3: Principle of magnetic relaxation switches. The grey
area in the graph indicates that a homogenous magnetic
field is turned on.

additional unbound particles are washed out. In the second mode the magnetic relaxation
switching is used. The principle of magnetic relaxation switches is represented in Fig. 3 [26]. The
targets are used to assemble the MNPs into larger clusters and affect their relaxation rate [25].
For both modes the binding effects are performed in solution. The presence of MNPs in the
solution influences the relaxation of the hydrogen nuclei by dipolar coupling of the protons and
the magnetic moment of the nanoparticles [28].

4.2.6 Ferromagnetic sensors
The general sensor consists of a microwave circuit built of a slot line and a coplanar waveguide.
The active sensor area is the area between the slot line and waveguide which can be
functionalized with analyte-specific ligands [29, 30]. The slot line is excited by a microwave signal
which generates an AC magnetic field at the sensor area. The generated fields are orthogonal to
the coplanar waveguide and therefore also orthogonal to the propagation mode allowed by the
waveguide. Thus, no signal is detected. If MNPs are immobilized in the sensor area the field
distribution is perturbed [29, 30]. The AC magnetic field from the slotline causes a time varying
change in the magnetization of the nanoparticles which are immobilized at the sensor area.
Hence, a field component is generated which is favorable for propagation in the coplanar
waveguide. Therefore, the input signal is inductively coupled to the output signal, which itself is
proportional to the input frequency and enhanced by stimulated ferromagnetic resonance (FMR)
www.micromod.de
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in the MNPs [29]. The FMR frequency is the natural frequency at which the magnetization
precesses around an applied field in response to an excitation field. If the applied frequency
from the slotline has the frequency of the nanoparticle’s ferromagnetic resonance, the time
varying components of magnetization are significantly enhanced and the magnetic flux into the
waveguide increases [30].

4.2.7 Higher harmonics sensors
Magnetic particle imaging (MPI) is a relatively novel imaging technique using the nonlinear
magnetization curve of small MNPs in order to produce high resolution images [31]. The
magnetization of particles saturates at certain field strength. If an oscillating magnetic field with
a certain frequency and a sufficiently high amplitude is applied, the particle will exhibit a
magnetization which contains the driving frequency and a series of higher harmonic frequencies
as illustrated in Fig. 4 [31]. The design of nanoparticles for MPI sets requirements in respect to the
particle’s size, material, shape, and
coating

which

determines

the

amplitude of the magnetic moment
and the relaxation time constant of
the particle [32]. Therefore also the
dynamics of the nanoparticles can
influence the MPI signal. Magnetic
spectroscopy

of

nanoparticle

Brownian motion (MSB) is a related
technique

and

investigate

can
the

be

used

to

microscopic

environment of the particle including
its temperature [33] and the chemical
bonding

state

spectral

signature

nanoparticle
harmonics
Fig. 4: Schematics of the MPI following the applied signal and
the response from the particle.

[34].

types
based

The
of

unique
different

renders
detection

the
of

multiple particles possible [35]. The
general set-up is quite similar to an

AC susceptometer and can consist of a driving coil generating a harmonic applied field. Inside
the driving coil the pick-up coil and a balance coil are placed. The pick-up coil contains the
sample. This coil and the balancing coil are placed in series that the current generated in the
balancing coil cancels the current generated in the pick-up coil leaving only the signal from the
nanoparticles which can be further analyzed [33, 35].
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4.3

Applications of substrate-based biosensor systems

4.3.1 Biosensing principles
On-chip magnetic biosensors rely on magnetic detection of MNPs being developed as compact
biosensors with a direct electrical readout. These sensors are sensitive to very small quantities of
nanoparticles. The magnetic particle detection systems are usually substrate-based, In this case
the particles are attached to a sensor surface by target molecules.

4.3.2 Magnetoresistive sensor systems
Spin valve sensors are in general multilayered metallic nanostructures exhibiting giant
magnetoresistance. The structure incorporates free and pinned antiferromagnetically coupled
layers. Their application as magnetic field sensors is based on resistance changes which occur in
the presence of an applied or local magnetic field as a result of changes in the relative
orientation of the two magnetic layers [36]. In this regard, 2 μm micromer ®- M streptavidin
functionalized particles were utilized in single and differential sensor architectures [36]. The
particles were attached to the sensor surface by streptavidin-biotin binding. It was described
that the system can be used to detect biological binding of small numbers of particles up to
single particles [36]. Therefore, it was illustrated that 6 to 20 microspheres of 2 μm micromer ®-M
lead to sensor saturation signals for a small spin-valve sensor [36].
Micromagnetic simulations for the detection of single microparticles for spin valve sensors
indicated that single or only few particles in the size of 2 μm like the micromer ®-M can possibly
be used as markers [37].
A spin-valve sensor design was introduced that captures the flux generated by MNPs, remaining
insensitive to the magnetic fields applied to magnetize and manipulate the particles by
integrating two tapered current lines at both sides of the spin-valve sensor [38]. The current lines
tapering is necessary to generate a magnetic gradient on the particles which moves them
towards the spin-valve sensor [38]. Nanomag ®-D particles with a high saturation magnetization
and a diameter of approximately 250 nm were used to demonstrate the working principle of the
sensor set-up [38]. With this set-up it was possible to detect all particles by guiding them to the
sensor area. In addition, information about the movement of particles moving between the
current line across the sensor was studied. A precise positioning, transport and detection of
single 2 μm micromer®- M particles and small amounts of 250 nm nanomag ®-D nanoparticles on
a chip surface was shown [39]. The real time spin-valve response of 250 nm nanomag ®-D
particles with a cystic fibrosis transmembrane conductance regulator–related DNA target was
measured when it was hybridized onto a complementary DNA probe [39].
The movement of biomolecules labeled with MNPs was precisely controlled by simple aluminum
tapered current lines while the particles were simultaneously detected with spin-valve sensors
[40]. The particles tended to move more readily to the narrower section of the line, where the
local magnetic field generated was higher. This principle was then used to design various on-chip
current line structures. For example horseradish peroxidase and streptavidin were labeled with
www.micromod.de
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400 nm nanomag®-D and 2 μm micromer®-M particles, respectively. The nanomag ®-D particles
lead to a higher signal nevertheless they tend to agglomerate in an external magnetic field at
used concentration. In contrast the micromer ®-M particles enabled the detection of single
particles with a small number of biomolecules attached [40, 41].
On-chip spin-valve sensors with tapered aluminum current lines were used to detect the binding
of streptavidin-functionalized superparamagnetic nanoparticles onto sensor’s surface-bound
biotin [5]. Both micrometer- and nanometer-sized labels were studied. The detection of
biomolecular recognition was demonstrated with 2 μm micromer ®-M and 250 nm nanomag®-D
particles by biotin-streptavidin binding [5]. micromer ®-M particles were chosen due to their rather
uniform size and shape. In addition, the capability of detecting single particles was
demonstrated with these particles [5]. The signal-to noise-ratio for smaller particles was too small
for the developed sensor [5].
Various results proved the detection of biomolecular recognition of biotin and streptavidin using
250 nm nanomag®-D particles. Despite the fact that these particles are characterized by a
smaller moment compared to micromer ®-M, the binding signal is increased since more particles
can bind to the surface [42]. The usage of 100 nm and 50 nm nanomag ®-D-spio particles led to
the conclusion that the usage of the smallest particles required to many particles for this type of
sensor [42].
MNPs in combination with giant magnetoresistance biosensors can be applied for direct
separation of particles which is desirable for many applications. A microfabricated device was
developed for electrically controllable separation of magnetic particles with different
magnetophoretic mobilities using 2 μm micromer®–M particles with streptavidin on the surface
and Dynabeads® with a similar diameter [43]. The system is based on four aligned current
carrying conductors which are identical in structure but independent in operation [43]. The
conductors are working periodically in series generating a traveling magnetic field. By adjusting
the switching frequency between the conductors, the velocity of the nanoparticles can be
maximized being in good agreement with computational models [43].
An on-chip magnetic bead transport device based on a set of two tapered current conductors
was developed and tested using 2 μm micromer®-M particles [44]. The device is capable of
trapping single magnetic microparticles and guiding them along a defined magnetic track
opening the possibility of controlled manipulation of magnetically labeled biomolecules [44]. The
technical set-up requires a set of two saw-tooth shaped magnetic field generating current
conductors, shifted linearly in phase 180°. For the current conductors with rectangular cross
sections, the magnetic field is maximal close to the corners of the cross section and is mainly
oriented perpendicular to the edge of the conductor. Since the used micromer ®-M particles are
superparamagnetic, the magnetic moment of the particles will align in the same direction [44].
The derived results are in good agreement with theoretical models.

8
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Domain walls in magnetic nanostrips are a source of strong magnetic field gradients and can be
used to transport individual magnetic particles. Thus they are also suitable to transport viable
cells which are labeled with MNPs [45]. Different techniques to trap MNPs based on domain wall
traps were tested using 130 nm nanomag ®-D particles on silicon and polydimethylsiloxane
substrate to demonstrate the usefulness of this method for lab-on-chip magnetic separation [45].
In order to explore the advantages of magnetic force guided biofunctionalized particles the total
force balance of a particle moving parallel to a magnetoresistive chip surface was studied via a
computational approach and experimentally validated using 2 µm micromer ®-M particles with a
uniform size distribution [46]. The forces included the magnetic force, the drag force and the
surface force leading to an approach that can predict the mobility of a particle. The model was
validated with micromer®-M particles in water, and a good agreement with the experimental
results was obtained [46]. Based on this model, a technique was developed that enhances the
magnetic force applied on a particle for a fixed current or enables the usage of a smaller current
maintaining the same magnetic force [47]. The derived set-up was experimentally validated
using micromer®-M particles revealing that the mobility of the particles was enhanced by a
factor of 3 by introducing a magnetic layer of Ni 80Fe20 between the planes of SiO2 on the sensorchip [47].

A detection system that provides information on the position and time of the magnetic behavior
of a single particle was introduced using a spin-valve sensor to detect the stray field of
streptavidin coated micromer®-M particles [48]. The signal of the particle exhibits a distinct
dipolar signature [48]. Furthermore, it was shown, that the particle – substrate distance needs to
be optimized leading to a significantly higher peak to peak signal in the derived voltage. This
parameter is also important for modeling [48]. The simulation model included the particlesubstrate separation distance. The distance was determined by a force balance of the
perpendicular force acting on the particles also including the magnetic and electrostatic forces. It
was found that the ideal separation distance for particle and substrate is about 1250 nm in the
used detection system. This result seems to be an important parameter [48].
A small portable and partially autonomously working biorecognition platform with a high signal
to noise ratio was developed with 250 nm nanomag ®-D nanoparticles using spin-valve and
tunnel-junction sensor principles [9]. The biomolecular detection capabilities of the platform was
demonstrated

by

performing

a

hybridization

assay

with

complementary

and

non-

®

complementary probes and streptavidin-functionalized 250 nm nanomag -D particles tagged
with 20mer single stranded DNA targets to recognize the 16S rDNA from Escherichia coli [9].
Superior detection limits of the 250 nm nanomag®-D down to 40 fM were reported.
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Magnetic particle sensors based on the planar Hall effect in thin films of exchange-biased
permalloy have been fabricated and characterized with micromer ®-M particles possessing a
diameter of 2 μm and nanomag ®-D particles with a diameter
of 250 nm (Fig. 5) [49]. The sensor response to an applied
magnetic field has been measured without and with
coatings. The prepared sensor was based on a permalloy
because

of

the

higher

anisotropic

magnetoresistance

compared to pure nickel. This technique is sufficiently
sensitive to detect only a few magnetic beads and therefore
also biomolecules even if only few are present in the sample
[49]. Furthermore it was reported that the sensors are feasible
of detecting just a few micromer ®-M particles [50]. Due to the
simple fabrication scheme, the planar Hall sensor can be

Fig. 5: Illustration of the microHall sensor design.

easily integrated into lab-on-a-chip systems, and the particle detection in the field generated by
the sensing current without applying external fields is promising [50].
It was shown that both the hysteresis in the sensor response and the attraction of nanoparticles to
the sensor edges can be strongly reduced when a magnetic compensation stack is included
under the sensor stack utilizing NH 2-functionalized 250 nm nanomag®-D particles [51]. The
addition of a compensation stack below the actual sensor stack nullifies most of the
magnetostatic field. Thus the nanoparticles that are attracted to the sensor can only be easily
washed off the sensor with a magnetic compensation layer [51].

4.3.3 Inductive sensors
In this case MNPs and a membrane are labeled with distinct antibodies to an analyte. The
membrane immobilizes the analyte and the nanoparticles can bind to the analyte as well. The
particles are localized and are directly proportional to the amount of analyte present in the
membrane. The nanoparticles change the magnetic flux inside a coil due to their magnetization.
The change of the voltage in a coil is therefore proportional to the amount of analyte in the tested
sample [12].
Streptavidin coated nanomag®-D particles with a diameter of 250 nm were used for the
quantification of immunochromatographic tests in a sandwich assay with two distinct antibodies
directed against human chorionic gonadotropin (hCG) [12]. The first anti-CG antibody was
labeled with the nanoparticles and the second was immobilized as a narrow zone in a
membrane. Capillary forces facilitated the migration of the immune complex along the
membrane. The amount of nanoparticles that were labeled with the monoclonal anti-hCG bound
to the detection zone was directly proportional to the hCG in the detector coil [12].
A differential micro-coil system consists in general of two coil pairs - an excitation coil pair and a
sensing coil pair. The excitation coils are planar one-turn micro-coils connected in series to
generate a magnetic field to excite MNPs. The sensing coils are reversed coupled multi-turn

10
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planar micro-coils in series. If the system is in balance, induced disturbances due to external
forces and excitations from the primary coils are canceled out. In the case that MNPs are in the
center of the first sensing coil the system is not in balance anymore. Hence, the induced signal is
directly proportional to the number of MNPs [52]. These results led to the development of a
micro-coil system using high frequency excitation of MNPs [52]. The sensitivity and the detection
limit of such a sensor system were modeled and simulated using the characteristics of 250 nm
nanomag®-D particles. It was found that single 250 nm nanomag ®-D particles should be
detectable only with a lock-in amplifier [52].

4.3.4 Ferromagnetic resonance sensors
Among others streptavidin coated 250 nm nanomag ®-D particles were chosen to demonstrate a
proof-of-concept experiment of a ferromagnetic resonance sensor with a very high sensitivity for
immunosensing applications [29, 53]. The waveguides were patterned in thin-film aluminum
thermally evaporated on a glass substrate. The active sensor area was defined using photoactivated patterning of biotin [29, 53].
The magnetic particles were immobilized in the sensor area by streptavidin-biotin binding. A
microwave signal operating at frequencies between 2 GHz to 4 GHz was applied to excite
resonance in the immobilized particles. The binding of the nanoparticles to biotin on the sensor
surface compared to the control was observed due to a distinct sensor output [29, 53].

4.4

Applications of substrate-free biosensor systems

Substrate-free sensor schemes predominantly make use of the resonant behavior of the
nanoparticles. The probe and target hybridization causes a change in the particle’s resonance
behavior.

4.4.1 Susceptibility sensors
An on-chip platform was introduced based on current lines and highly sensitive magnetic tunnel
junctions with a superparamagnetic free layer for measuring the Brownian relaxation frequency
of NH2-functionalized nanomag®-D particles with a diameter of 250 nm [10]. The particle
suspension was excited by an alternating magnetic field that was generated by the current lines
close to the sensor area. The measurement of the frequency dependent behavior was
determined by the first harmonic of the magnetic tunnel junctions output signal via lock-in
detection [10].
The principle of the micro-Hall biosensing relies on the magnetorelaxometry measurements of
nanoparticle suspensions using a Hall effect sensor chip embedded in a microfluidic system
(Figure 5) [54]. The alternating magnetic field is generated by the sensor bias current and the
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complex magnetic susceptibility of the nanoparticles can be recorded as the second harmonic of
the sensor response [54].
The magnetorelaxometric behavior of amino-functionalized nanomag ®-D particles with
diameters of 130 nm and 250 nm, respectively, was investigated with a planar Hall effect sensor
and demonstrated the effectiveness of this method at ambient conditions [54]. The results of such
on-chip relaxometry measurements resemble the results of substrate free SQUID biosensors only
with an off-set of the peak [55, 56].
Microscopic magnetic field sensors based on planar Hall effect can be applied for the detection
of complex magnetic responses. Here, the self-field bias current is used to generate an excitation
field [57]. In this context plain 250 nm nanomag ®-D particles were investigated in dependence on
frequency as well as temperature. It was found that the observations are comparable to the
Cole-Cole model for Brownian motion [57]. Nevertheless, the determined hydrodynamic diameter
from the on-chip measurements are approximately 25% higher compared to results obtained in
the DynoMag® susceptometer because interactions between nanoparticles themselves and the
sensor surface increase the rotational friction [57].

In vitro quantification of the interaction between human endothelial cells and MNPs with different
surface coatings was investigated with a desktop susceptometer [14]. In detail plain nanomag ®D particles as well as nanomag ®-D with COOH, PEG-COOH, PEG 300 and silica C18 surfaces
were used to determine the influence of the degree of hydrophilicity and surface charge on the
cell uptake [14]. The magnetic susceptibility as a function of the cell concentration was measured
leading to the determination of the concentration of MNPs. The real and imaginary part of the
magnetic susceptibility were determined at a frequency of 2 kHz and compared to a standard
curve in order to link the particle concentration in the cells to the measured magnetic
susceptibility [14]. The nanomag®-D particles with COOH or PEG-COOH surface groups adhered
to the human endothelial cells and were phagocytosed to a considerable degree [14].
The basic principle of Brownian relaxation biosensors relies on the binding of biomolecules on the
surface of MNPs. This results in a change of the particle’s hydrodynamic diameter and
consequently in a change of the Brownian relaxation time (Figure 6) [13, 15]. nanomag ®-D
particles, which are clusters of magnetite single domain crystallites embedded into dextran,
characteristic of 130 nm size were used to demonstrate the general principle of the system.
Therefore nanomag®-D particles were functionalized with protein A and used to specifically bind
prostate specific antigen [13].
The volume-amplified MNPs detection assay (VAM-NDA) is based on changes in the Brownian
relaxation behavior of MNPs that are linked to biomolecules in four general steps [58]:
1. A target recognition through hybridization to a padlock probe accompanied by ligation of
the circular probe target complex (i.e. DNA coil),
2. An enzymatic amplification of the DNA circles by rolling circle amplification (RCA) leading
to random-coiled single-stranded DNA structure with a repeating sequence,
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3. A magnetic labeling of the DNA-coils by means of adding MNPs exhibiting Brownian
relaxation behavior, which are equipped with single-stranded DNA-probes (detection
oligonucleotides) complementary to the DNA-coil sequence [59].
4. Immobilization: A fraction of the beads proportional to the DNA-coil concentration will link
to the DNA-coils. During this immobilization the beads undergo a dramatic increase in the
hydrodynamic diameter that strongly influences their Brownian relaxation frequency [59,
60].

Fig. 6: Schematic illustration of the volume-amplified MNPs detection assay.

A sensitive singleplex detection system of bacterial DNA sequences was reported using a
portable AC susceptometer. The detection relied on the MNPs-based bioassay principle [59]. Two
types of avidin coated MNPs - 100 nm BNF-Starch and 250 nm nanomag ®-D - were used and
conjugated with varying amounts of biotinylated oligonucleotides. The frequency dependent
magnetic volume susceptibility was determined with the portable DynoMag ® system in the
range from 1 Hz up to 250 kHz with an AC field amplitude of 0.5 mT at ambient temperatures [61].
The application of conjugation chemistry (avidin-biotin) on the 100 nm BNF-Starch avidin particles
facilitated a more efficient, fast, simple, robust, and stable VAM-NDA system for the detection of
bacterial target sequences [59]. The same avidin-functionalized BNF-Starch particles with a
www.micromod.de
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nominal diameter of 100 nm in combination with padlock probes and a DynoMag ® system were
used to develop a method to test rifampicin-resistant mycobacterium tuberculosis [62]. The
padlock probes were especially designed to detect mutations in the rp 0B gene due to
chromosomal mutations.
In a first step amine-functionalized nanomag®-D particles with a mean particle diameter of 130
nm were functionalized with oligonucleotides and tested in a superconducting quantum
interference device [63]. In this study the excess of oligonucleotides was varied. For low surface
coverages, interparticle crosslinking via SS-bridges caused aggregation of the ferrofluid. The
interparticle repulsion rises with an increasing surface coverage. It was observed that a surface
coverage of approximately 40 oligonucleotides per nanoparticle relates to an optimal behavior
of nearly non-interacting particles. Due to the high surface coverage and most likely hydration of
oligonucleotide chains, the entropic repulsion effect was decreased leading to a higher
crosslinking probability accompanied by a change of the hydrodynamic size of the nanoparticles
[63]. Here, it is worth to mention that aging effects create further complications in the
nanoparticle systems and have to be taken into account during the surface functionalization [55].
In a second experiment amine-functionalized BNF and nanomag ®-D particles with different mean
diameters of 40 nm, 130 nm and 250 nm were also conjugated with oligonucleotides and tested
in a SQUID in the frequency regime from 0.5 to 1000 Hz in order to detect the frequency
dependent magnetization [56]. It was shown that the use of small 40 nm nanoparticles enables a
turn-off as well as a turn-on detection, while larger nanoparticles only exhibit turn-off detection. In
addition, the smaller particles showed fast immobilization kinetics immobilizing larger number of
coils. Thus particles of different sizes can be used in multiplex detection strategies [56]. The
effects of the particle size variation, particle surface coverage of probe oligonucleotides and the
particle concentration itself on the performance of the volume-amplified MNPs detection assay
were evaluated [64, 65]. It was found that the detection sensitivity can be improved using smaller
amounts of particles [64, 65]. The utilization of 40, 80, 130 and 250 nm BNF and nanomag ®-D
particles, respectively with NH2 groups on the surface revealed that with rolling circle
amplification larger nanoparticles in a polydisperse particle size distribution are easier
immobilized in the RCA DNA coils than smaller beads [66].
Amine-functionalized BNF and nanomag®-D particles with different mean diameters of 80 nm,
130 nm and 250 nm were further used for the quantitative detection of Vibro vulnificus, V. cholera
and Escherichia coli by SQUID [60]. In general, the possibility of a k-plex detection with the VAMNDA method utilizing k different kind of MNPs showing Brownian relaxation functionalized with k
types of oligonucleotides, respectively [60]. The biblex detection of V. vulnificus and V. cholera
with 250 nm and 130 nm nanomag ®-D particles was shown in detail exemplifying the usefulness
of this method receiving a yes/no answer upon the presence of a target [4, 60].
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4.4.2 Optomagnetic sensors
The detection of a Vibrio cholerae DNA-sequence was established with avidin-coated 100 nm
BNF-Starch and 250 nm nanomag®-D particles that were conjugated with biotinylated
oligonucleotides via optomagnetical detection using turn-on type read-out [21]. The DNA coils
were formed upon a padlock probe ligation followed by rolling circle amplification. It was shown
that in the low frequency region a limit of detection of 10 pM can be achieved for an RCA time of
60 min [21]. Streptavidin coated BNF-Starch nanoparticles with a diameter of 100 nm were
applied in the detection of bacteria causing urinary tract infections in patient samples with a
total assay time of 4h [67]. This assay was also based on padlock probe recognition followed by
two cycles of RCA. The optoelectronic devices were low cost devices from blu-ray drives [67]. In
addition a detection approach was implemented which relies on the monomerization of the RCA
products. Using monomers to link and agglutinate two types of streptavidin coated magnetic
particles (Dynabeads MyOne® and 100 nm BNF-Starch) functionalized with universal nontarget
specific detection probes and introducing a magnetic incubation scheme led to the possibility of
multiplex detection of Escherichia coli, Proteus mirabilis and Pseudomonas aeruginosa at
clinically relevant concentrations [67]. The results represented an increase in sensitivity by a
factor of 30 compared to previously reported detection schemes.
A competitive turn-on immunoassay strategy with two different kinds of magnetic particles (5 μm
avidin modified micromer®-M and streptavidin modified 100 nm BNF particles) was investigated
for Salmonella detection with a total assay time of 3 h [68]. In the immunoassay scheme the
target bacteria were captured by antibody coated micromer ®-M to form large immune-magnetic
aggregates at certain concentrations. The formed aggregates were incubated with modified 100
nm BNF particles. The unbound particles in the suspension were detected by a blu-ray
optomagnetic setup [68]. The competitive strategy was investigated with a direct immunoassay
scheme binding the antibody conjugated BNF particles directly to the bacteria. It was found that
the competitive strategy is approximately 20 times more sensitive [68]. Furthermore, a
homogeneous biblex detection strategy for Salmonella typhimurium and Escherichia coli was
reported binding the E. coli bacteria with antibody conjugated 250 nm nanomag ®-D particles
and simultaneously S. typhimurium to the biotinylated-antibody coated micromer ®-M. Thereby
immune-magnetic aggregates were formed preventing the binding of the 100 nm streptavidin
particles [68].
A biosensing platform for the detection of proteins based on agglutination of aptamer coated
magnetic nano- and microparticles was introduced using two ways of the target detection. For
optomagnetic read-out nanoparticles were used and for optical imaging microparticles were
applied [69]. The particles in this study were streptavidin coated 100 nm BNF and 1 μm
Dynabeads. The particles were functionalized with specific aptamers by forming biotinstreptavidin bonds for the agglutination assay for thrombin detection. The aptamers had a
specific affinity binding to two structurally opposite sides of the thrombin molecule. The
optomagnetic read-out uses the changing dynamics of the BNF nanoparticles and its
aggregates. The imaging of the microparticles uses the direct visualization and quantification of
www.micromod.de
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the average size of microparticle aggregates. Identical detection limits of 25 pM were obtained
with a short sample-to-answer time [69].
The optomagnetic and AC susceptibility read-out system were compared by their performance
using 100 nm BNF particles in an agglutination assay to detect C-reactive protein [70]. Both
methods are highly correlated and take advantage of the frequency shift in the dynamic
response to an applied time varying magnetic field. In the case of the AC susceptibility method
the magnetic response was investigated. In contrast, the optomagnetic method detects the
frequency dependent modulation of the optical transmission of laser light [70]. The COOHlabeled 100nm BNF particles being used in this study were functionalized with polyclonal Creactive protein antibodies. The C-reactive proteins possess multiple binding sites for the
antibodies which may result in crosslinking the particles. The measurement and analysis
strategies were compared. In all experiments identical samples containing various C-reactive
protein concentrations were used [70]. Excellent correlation was found for turn-off detection
scheme showing that both methods probe the same Brownian relaxation dynamics. In turn-on
and phase-based detection schemes the correlation was less clear because both methods have
different sensitivity to the size of agglomerates [70]. The optomagnetic measurement method was
superior due to the fast assay time compared to the AC susceptometry and the higher sensitivity
[70].

4.4.3 NMR sensors
Amine-functionalized nanomag®-CLD-spio particles were used to exploit the primary-secondary
antibody binding against specific targets. It was quantitatively shown that a multiplex assay
against several targets is feasible using a NMR relaxometer [71].
In addition, a prototype for a biomarker monitoring device based on magnetic relaxation
switches was developed with the same nanomag–CLD ®-spio particles [72]. The implantable
sensors were tested in vivo in C57BL6 mice inducing acute myocardial infarction. A relaxation
time increase in the myocardial infarction group compared to the sham and control group for all
three biomarkers used was evident [72]. Such a sensor can provide information on the biomarker
levels throughout longer time intervals enabling the possibility to identify previously undetectable
infarcts [72].

4.4.4 Higher harmonics sensors
The magnetic moment of a superparamagnetic nanoparticle tries to reach energy equilibrium
under the influence of an alternating magnetic field. The magnetization in the static case is well
defined and will influence the amplitude of the harmonics and the rate with which the harmonics
will decrease with increasing harmonic number. If the frequency increases, the particles cannot
reach the equilibrium state anymore and a phase lag can develop between the particle
magnetization and the drive field. Therefore, each type of nanoparticle has a unique spectral
response [35].
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100 nm nanomag®-D-spio particles have been used to study the magnetic spectroscopy of
Brownian motion in combination with other nanoparticle types [35]. It was found that each
particle type has a unique response, which was demonstrated for up to three different particle
types. This makes MNPs very interesting for the evaluation of the particle’s microscopic
environment and the chemical bound state as basis for biosensing applications [35].

4.5

Summary

In the last years the development of MNPs for biosensor applications dramatically increased. The
substrate-free as well as the substrate-based biosensor systems utilize MNPs due to their
sensitivity, time efficiency, low costs and also the possibility to have a quantitative simultaneous
detection of several targets. An overview of magnetic particles produced by micromod for the
described biosensor schemes is summarized in the following Table. The outstanding magnetic
properties and the high diversity of surface functionalizations allow the use of BNF, nanomag ®-D
and micromer®-M particles as superior tools in biosensor applications.

Overview of micromod’s particles used for different biosensor schemes
(sb – substrate-based, sf – substrate-free).

BNF-Starch
size
100nm

coating
avidin
streptavidin

avidin
40 nm

amine

80 nm
100 nm

amine

sb/sf detection technique remarks
references
sf
Brownian relaxation detection of rifampicin-resistant [45, 46]
mycobacterium tuberculosis [46]
sf
optomagnetic
detection of bacteria causing
[49] [50]
urinary tract infection by
multiplex [49], and biblex
sensing [50]
sf
optomagnetic
limit of detection 10 pM [48]
[48]
sf
Brownian relaxation biblex detection of bacterial
[26, 38, 42-44]
DNA [38], smaller particles
better for turn-on detection [26]
sf
Brownian relaxation multiplex detection [40]
[40, 44]
sf
higher harmonics
[47]

nanomag®-D-spio
size

coating

sb/sf detection technique remarks

references

50 nm

plain

sf

higher harmonics

[47]

50 nm

streptavidin

sb

magnetoresistive

[14]

100 nm

streptavidin

sb

mangetoresistive

[14]

nanomag®-CLD-spio
size
50 nm

coating
amine

sb/sf detection technique remarks
sf

magnetic relaxation
switch

references

possible multiplex assay [33],
[33, 34]
in vivo in C57BL6 mice inducing
acute myocardial infarction [34]

www.micromod.de

17

magnetic micro- and nanoparticles
nanomag®-D
size
130 nm

coating

sb/sf detection technique remarks
sb
magnetoresistive

references
[18]

sf

Brownian relaxation

[36]

amine

sb

Hall-effect

amine

sf

Brownian relaxation

sb

magnetoresistive

sb

Hall-effect

limit of detection 4pM [4]

[4, 23, 27]

sf

optomagnetic

biblex detection [50]

[50]

streptavidin

sb

magnetoresistive

streptavidin

sb

sandwich assey

larger binding signal compared [5, 6, 14]
to micromer®- M [14]
[29]

streptavidin

sb

avidin

sf

ferromagnetic
resonance
Brownian relaxation

avidin

sf

optomagnetic

amine

sb

Hall-effect

amine

sf

Brownian relaxation

horseraddish
peroxidase

sb

magnetoresistive

sf

magnetic
susceptibility

COOH

sf

magnetic
susceptibility

PEG-COOH

sf

magnetic
susceptibility

PEG 300

sf

magnetic
susceptibility

silica C18

sf

magnetic
susceptibility

250 nm

400 nm

[22]
biblex detection of bacterial
[26, 38, 40-44]
DNA [38], smaller particles
better for turn-on detection [26],
multiplex detection [40]
measuring brownian relaxation [7, 10, 11]
frequency [7]

[31, 32]
[45]
limit of detection 10 pM [48]
biblex detection of bacterial
DNA [38] larger particles better
for turn-off detection [26],
multiplex detection [40]
high signal, but agglomeration
for used concentration
in vitro quantification of human
endothelial cells and magnetic
nanoparticles
in vitro quantification of human
endothelial cells and magnetic
nanoparticles
in vitro quantification of human
endothelial cells and magnetic
nanoparticles
in vitro quantification of human
endothelial cells and magnetic
nanoparticles
in vitro quantification of human
endothelial cells and magnetic
nanoparticles

[48]
[22] [28]
[26, 38, 40, 4244]

[12, 13]
[35]

[35]

[35]

[35]

[35

micromer®- M
size
2 μm

5 μm

coating

sb/sf detection technique remarks
references
sb
magnetoresistive
detection of single particles [11], [11, 17, 19, 20]
comparison with simulations
and optimization [19, 20]
sb
Hall-effect
[23, 24]

streptavidin

sb

magnetoresistive

avidin

sf

optomagnetic

saturation for 6 to 20 spheres [9], [5, 9, 12, 13,
detection of single particles [5], 16, 21]
detection of single particles with
small numbers of attached
biomolecules [12, 13],
comparison with simulations [16]
biblex detection [50]
[50]

*HRP: horseradish peroxidase
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