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enzyme markers which have catalytic properties that can be
monitored optically [10], electrochemically [2] or thermometrically [11, 12]. Other common labelling techniques
found in bioassays employ the use of radioactive compounds, fluorophores and luminescence markers.
Radioimmunoassays (RIA), established in 1959 [13], use
radioactive markers and are considered today as one of the
most important techniques used in the clinical and biochemical fields for the quantitative analysis of hormones,
steroids and drugs due to the relatively high sensitivities (1500 pM) these markers can offer. Although large centralised

In affinity biosensor technology, antibodies are
employed as the recognition element in close
conjunction with a transducer. Much work has
been put into developing effective transducers,
and a number of technologies exist.
In this review various works that we have found
significant to the field of magnetic transducers
in bioanalysis have been critically studied in
order to describe the status and development of
magnetic measurements in biosensors and
bioassays. Our group has previously suggested
that magnetic transducers in combination with
magnetically labelled antibodies may be used in
this context and this so-called magneto
immunoassay (MIA) technique will be dealt with
in some detail.

Introduction
Antibodies are made by all animals as an immunological
response to the presence of a foreign invader in the blood.
The inherent specificity of an antibody is directed towards
the epitope of the antigen capable of eliciting the immunological response. Due to their high specificity, which is an
essential factor in determining drugs, metabolites, hormones
or proteins in the body accurately, antibodies [1, 2] as well
as enzymes [3] have been employed as analytical tools in
biosensor and bioassay technology. Enzymes are much simpler to utilise due to the fact that they, in addition to binding, also have the ability to convert a molecule. This ability
is very useful as it might give rise to suitable physical
changes, which can be detected employing various transducers [4]. However, the selection of analytes becomes
rather limited when using enzymes. Here antibodies provide
the basis for a large selection of potential analytes including
proteins and cells. The challenge when using antibodies lies
in the development of various labelling techniques and transducers to detect the binding of the analyte [2, 5, 6, 7, 8, 9].
Both in bioassay technology and biosensor technology various strategies have been utilised.

Figure 1. The conceptual arrangement of a magneto biosensor
based on a magnetic transducer. The analyte is bound to an
immuno-layer consisting of immobilised antibodies. Upon binding the closely positioned magnetic transducer (coil) detects
local changes in magnetic permeability, as an increase of the
superparamagnetically labelled analyte is concentrated at the
immuno-layer.

Since the molecular interaction between an antibody and
an antigen does not result in any analyte conversion, typically either of these counterparts have been coupled to
ANALUSIS, 1999, 27, N° 7

617

© EDP Sciences, Wiley-VCH 1999

Article available at http://analusis.edpsciences.org or http://dx.doi.org/10.1051/analusis:1999270617

Dossier

Biosensors

laboratories use the already established radioimmunoassays
since highly automated equipment is available for detection,
smaller laboratories and hospital clinics are switching over
to the enzyme-linked immunosorbent assays (ELISA) even
though lower sensitivities are obtained when using these
assays. ELISA does not require the use of high-cost equipment and the enzyme markers do not present the radiological hazards normally associated with RIA, factors which
make this method suitable for smaller laboratories [14]. The
use of fluorophores and luminescence markers has also been
employed in immunoassays although to a somewhat lesser
extent than their radioactive and enzyme counterparts. These
markers offer sensitivities normally associated with radioactive markers, but possess similar advantages analogous to
the enzyme markers [15]. For a review on clinical applications of immunoassays see Anderson et al., 1997 [16].

oriented again. Remanence is a measure on how long the
field orientation of the domains is retained. In permanent
magnetic materials this field orientation is kept indefinitely.
When preparing small superparamagnetic particles, size
becomes an important factor. As mentioned, the dimension
of domains is typically 1-10 µm, and in order to achieve
permanent magnetic properties the clusters of domains must
be organised in larger crystals. For bioanalytical applications
the desired size distribution lies in the range 10-300 nm.
Such superparamagnetic bioanalytical particles show low
remanence and can thus, exist in stable colloidal form even
after having been exposed to an external magnetic field.

Paramagnetic fluids as labels
Paramagnetic fluids contain nanosized superparamagnetic
particles. These particles have a superparamagnetic centre,
such as magnetite, which has been coated with some type of
polymer layer such as dextran, polyethyleneglycol, protein,
or a fatty acid bilayer [23]. Until now the most common uses
for large superparamagnetic particles in biotechnology has
been for the labelling and separation of cells and macromolecules. These particles have a size of several micrometers
[24, 25]. Today there are a number of established companies,
such as Dynal and PerSeptive, which commercially offer this
type of particles for separation purposes. Large superparamagnetic particles for separation were already used by several groups in solid-phase radioimmunoassays by the mid
1970’s, where antibodies were covalently linked to the magnetic particles in order to carry out the subsequent separation
between the antibody-bound and free fractions [26, 27].
However, it was not until recently that it was demonstrated
that nanosized, dextran coated superparamagnetic particles
could be used for bioanalytical applications [28, 29].

In biosensor technology, antibodies have been employed
as the recognition element in close conjunction with a transducer, giving rise to the category of noncatalytic biosensors,
referred to as affinity sensors. The binding of larger analytes
such as proteins or cells causes mass enrichment on the
transducer surface which may cause its resonance frequency
to change, more commonly known as piezo effect [17, 18],
or locally change the refractive index, also known as surface plasmon effect [19, 20]. Others involve the enrichment
of fluorescent or light absorbing substances [21]. Our group
suggested in 1995 that magnetic transducers might also be
used in this context [22]. Figure 1 illustrates the conceptual
arrangement of such a magneto biosensor.

Paramagnetism

The use of superparamagnetic particles as markers on
antibodies has several advantages over existing markers in
immunoassays. They are completely non-hazardous both to
people and the environment, which is a benefit in handling
and waste treatment, and the risk of interference from other
components in the sample is very small, as the vast majority of compounds are not paramagnetic. Furthermore, the
magnetic particles are relatively cheap, and have essentially
unlimited shelf life.

Superparamagnetic materials are strongly affected when
exposed to external magnetic fields. They contain small
clusters of atoms, so called domains, which always have all
of their magnetic dipoles oriented in the same direction. This
spontaneous orientation can only be explained by quantum
mechanics. The size of a domain is typically 1-10 µm. In
paramagnetic materials the overall magnetic dipole of many
domains is oriented in the direction toward an external magnetic field and enhances it. Superparamagnetic materials,
which normally contain metals such as iron, nickel or cobalt,
exhibit a much higher ratio of domains that orient in the
direction of the external magnetic field. In order to quantify
a materials ability to interact with external magnetic fields,
the terms magnetic permeability and magnetic susceptibility
have been introduced. The relative magnetic permeability,
µr, is a measure of a materials ability, compared to vacuum,
to contribute to a magnetic field. The majority of materials
such as water, many metals, biological materials and gases
have µr equal to 1. Superparamagnetic materials such as the
iron oxide magnetite, Fe3O4, has µr equal to 600-1 000 000.
The magnetic susceptibility, χm, is defined as χm = µr – 1,
and is frequently used due to historical reasons.

Biomagnetic transducers
Induced current transducers
The magnetic stimulation and biomagnetic detection of an
action current in nerve tissue has been investigated using an
external magnetic field together with crustacean nervous tissue as the biological transducing element [30]. An action
current was induced by a high-frequency magnetic pulse
from a wire-wound toroid that encircles the nerve fibre and
a second toroid measured the response current downfield.
This technique has been used to detect and to determine
dose-response curves for local anaesthetics that block passage of the action current down the nerve fibre.

Once the external magnetic field has been removed the
overall magnetic dipoles of the domains become randomly
618

ANALUSIS, 1999, 27, N° 7
© EDP Sciences, Wiley-VCH 1999

Dossier

Biosensors
This approach could potentially be used in a biosensor
set-up where progression of nerve pulses is effected when
the nerve tissue is exposed to different substances. However,
this semi-biomagnetic transducer will have the inherit disadvantages of the nongeneral nature of the approach, the
complex response signal obtained due to the large number
of stimulating substances which affect the nerve, and the
interference from electronic noise in the surroundings.

moment of the superparamagnetic particle is affected and the
remanence is measured with a dc-SQUID (Superconducting
QUantum Interference Device). The feasibility of the instrument has been demonstrated on the detection and determination of collagen type III. Unlike the FABS device, the
SQUID measurements require no additional washing steps
for the separation of bound and unbound components due to
the fact that the signal obtained is specific for only the
bound particles since the system measures the remanent
sample magnetisation in the absence of an external field.
However, the SQUID system requires sophisticated measuring equipment and currently, does not offer portable instrumentation possibilities.

Atomic force microscope based transducers
One group that has investigated the use of superparamagnetic
particles as labels in combination with different magnetic
transducers is the US Naval Research Laboratory. They have
conceived the Force Amplified Biological Sensor (FABS)
which is a biosensor based on magnetic determination and one
that employs a solid-phase immunoassay [31]. The transducer
employed in the FABS device is a cantilever-beam force transducer, developed originally for atomic force microscopy
(AFM), where antibodies directed towards a specific analyte
can be coupled to the surface of the cantilever. The operational
principle of the FABS device replicates AFM, but uses superparamagnetic particles to exert a force on intermolecular bonds
instead of a piezoceramic translator [32]. In this instrument the
sample is first introduced onto the transducer followed by
washing and the subsequent introduction of the superparamagnetic label which binds specifically to the analyte via antibody-antigen interactions. An electromagnet generates a field
that pulls on the superparamagnetic particles and the attached
particles exert a force on the cantilever which is directly proportional to the amount of labels attached to the transducer
surface and thus, the number of particles bound indicates the
concentration of analyte in the sample. Although a portable
prototype has been developed, the hardware and chemistry
have not been integrated together at the present time.

Inductance transducers
Maxwell bridge based inductance transducers for bioanalysis, illustrated in figure 2, were originally developed by our
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Magneto resistive transducers
Recently, the US Naval group announced the underlying principles of their Bead Array Counter (BARC) which is a microfabricated magnetoresistive transducer which can indicate
whether or not the particles are removed when pulled by magnetic forces. They postulate by adapting magnetoresistive computer memory technology, it may be possible to fabricate millions of transducers on one chip and detect or screen thousands
of analytes, which would be useful in DNA hybridisation
assays [33]. Both the FABS and the BARC techniques require
the use of rather large superparamagnetic particles (2 µm).

Magnetic remanence transducers
Figure 2 (a) The schematic set-up of a magneto transducer for
the determination of magnetic permeability of samples that are
introduced into the coil (L). An oscillator providing a sinusoidal
wave of 200 kHz is connected to the Maxwell bridge illustrated
in the figure. Any changes of the magnetic permeability of the
material in the coil gives an inductance change which yields a
signal that is processed by the differential amplifier and an
amplifier. (b) A microprocessor controlled portable device,
developed at the European Institute of Science, intended for
detection of relative magnetic permeability.

In the magnetic remanence immunoassay Kötitz and coworkers employ nanosized superparamagnetic particles as
labels to antibodies and the quantitative determination of the
antibody-antigen interaction is based on a magnetic particle
relaxation measurement [29]. The operating principle of this
technique is based on the fact that the rotational diffusion of
the label is hindered by the specific interaction between the
antibody and the antigen, which is attached to a solid surface. As a result, the internal reorientation of the magnetic
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group [28]. Such transducers enable the measurement of the
relative magnetic permeability of paramagnetic samples
(gases, liquids or solids) that are positioned inside a measuring coil. Paramagnetic materials inside a coil influence
the inductance of the coil. It is thereby possible to detect
changes in relative magnetic permeability by measuring the
change in inductance. Different electrical approaches may be
utilised for the inductance determination of a coil, for
example:

netically labelled antibodies and carrier particles, which are
functionalised silica particles. Subsequently, a “sandwich”
complex is formed, where the analyte becomes bound
between the superparamagnetic particle and the silica carrier
via antibody-antigen interactions. The silica carriers have a
larger size (15-40 µm) and density, which allows the complex to sediment during a 20 to 30 minutes incubation. If
the target analyte is present in the sample, an enrichment of
superparamagnetic particles in the sediment will occur as a
result of the antibody-antigen recognition. When the sample
vial is placed inside the coil the relative magnetic permeability of the superparamagnetic particles enriched in the
sediment is determined, which is directly proportional to the
concentration of the analyte present in the sample.

• Placing the coil in an electrical measuring bridge such as

the Maxwell bridge [28].
• Measurement of the resonance frequency of a LC-circuit

containing the coil [34].
• Measurement of the coil’s impedance.

Apart from the “sandwich” mode of detection other
approaches for the detection of an analyte in solution can be
taken. In the rare occasions where the analyte itself is superparamagnetic it can be directly detected by binding to the
carrier-coupled recognition element. Another approach is to
use a superparamagnetic competitor which has similar affinity to the recognition element as the analyte, and determine
the decrease in magnetic permeability with increased analyte
concentration.

• Dynamic measurement of the current response after hav-

ing applied a potential pulse to the coil.
• Monitoring the potential response of the coil after apply-

ing a current pulse or a non-constant current where the
current change per time (di/dt) is kept constant.
• Telemetric measurement based on inductive coupling

between two coils.

The superparamagnetic particles currently used in the
MIA technology consists of a magnetite core surrounded by
a dextran layer. The particles have a size range of 100 to
300 nm. The magnetic interactions and van der Waals attractive forces are overcome by the entropy repulsion energy
obtained by the dextran coating and thus, the particles are
present as a colloidal solution. The outer dextran shell also
enables easy coupling of antibodies or proteins to the
exposed hydroxyl groups on the surface of the particles.

Magneto immunoassay
In the magneto immunoassay (MIA) technique an inductance transducer, as described above, is employed to measure the relative magnetic permeability of superparamagnetic
markers.
Figure 3 illustrates the working principle of the MIA technology. The reaction is initiated by introducing the sample
into a reaction vial containing a mixture of superparamag-

We have shown the feasibility of the MIA technology by
using Concanavalin A (Con A) as the target analyte [28, 35].
Con A is a lectin with a high affinity for various sugars,
including dextran and glucose. As it complexes with these
polysaccharides, it is often used as a model system for
immunological systems. When Con A is incubated with the
silica carrier particles and the superparamagnetic particles it
becomes entrapped between the carrier and the marker via
nonselective protein adsorption and affinity binding [35].
The complexes are allowed to sediment, and subsequently,
the magnetic permeability of the sediment is measured using
the magnetic permeability meter outlined in figure 2. Results
from this study are shown in figure 4.
A detection limit of 250 nM was obtained with this model
system. However, by employing smaller silica particles and
thereby increasing the surface area for protein attachment,
or by improving the superparamagnetic particles and thereby
increasing the magnetisation, the sensitivity of the method
can be pushed down to the picomolar range.

Figure 3. The operational principle of the magneto immunoassay technology. The sample vial contains the functionalised silica carrier, antibody conjugated superparamagnetic marker and
the sample to be analysed. The analyte which is present is
entrapped in a “sandwich” complex between the carrier and the
superparamagnetic particle and subsequently, this complex
sediments. The magnetic permeability of the sedimented superparamagnetic markers are determined using an inductance
transducer.

The MIA technology has the advantages of being easy to
perform, fast and robust, which make it particularly suited
for in-field and for point-of-care usage.
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towards smaller and more compact instrumentation. An
increased need for patient monitoring, industrial quality control and environmental survey creates a demand for portable
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before the magneto-based bioanalysis will become a serious
competitor to the established analytical methods.
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