
ARTICLE IN PRESS
Journal of Magnetism and Magnetic Materials 293 (2005) 671–676
0304-8853/$

doi:10.1016

�Corresp
fax: +4023

E-mail a
www.elsevier.com/locate/jmmm
Magnetic GMI sensor for detection of biomolecules

Horia Chiriac�, Mihai Tibu, Anca-Eugenia Moga, Dumitru D. Herea

National Institute of Research and Development for Technical Physics, 47 Mangeron Blvd. 700050 Iasi, Romania

Available online 2 March 2005
Abstract

A magnetic sensor based on the giant magnetoimpedance (GMI) effect for the detection of biomolecules was made

with a CoFeSiB amorphous magnetic microwire as sensing element. Using soft ferromagnetic cobalt microparticles and

field sensitivities of the impedance of about 2.5%/Am�1 in the very low field region (less than 200Am�1) at frequencies

close to 10MHz, a highly sensitive response was measured, appropriate for the detection of low biomolecule

concentrations.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Fast identification and diminution of the detec-
tion threshold of the pathogens or other targeted
biomolecules (e.g. DNA, RNA, antibodies, meta-
bolites, etc.) represent a biomedical requirement
and a scientific challenge.
Although the classical detection methods (elec-

trical, electrochemical, optical) were improved,
they still present some important disadvantages
such as high cost, time-consuming, high detection
threshold. Magnetic methods have several advan-
tages over the classical detection methods, such as
rapid results, multi-analyte detection, low cost and
reduced waste handling. Recently, giant magne-
- see front matter r 2005 Elsevier B.V. All rights reserve
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toresistance (GMR) biosensors that use magnetic
beads and magnetic fields for biomolecules detec-
tion were reported [1,2]. These sensors have the
advantage to be extremely sensitive and to process
only electronic signals. Also, the magnetic beads
used as markers in such biosensors present some
superior characteristics in comparison with other
labels (fluorescent molecules, radioisotopes, en-
zymes). Magnetic beads are very stable, easy to
handle and can be used with a large spectrum of
molecules. The biological samples usually contain
no magnetic background that could interfere with
magnetic particles.
The increase of the sensitivity and of the

reliability of the biosensor is an important condi-
tion of the detection of small concentration of
biomolecules (like RNA).
In this paper we propose a new magnetic

biosensor based on the giant magnetic impedance
d.

www.elsevier.com/locate/jmmm


ARTICLE IN PRESS

H. Chiriac et al. / Journal of Magnetism and Magnetic Materials 293 (2005) 671–676672
(GMI) effect found in magnetic amorphous wires.
The principle of such a sensor is described. Results
are given on sensor design, the materials used to
obtain a high sensitivity, and the magnetic markers
specially prepared to be used in such type of
sensor. Furthermore, results are discussed in terms
of using this biosensor for the identification of
different biomolecules.
2. GMI sensor

The giant magneto-impedance (GMI) effect
consists of significant change of the impedance
value of a magnetic conductor (wire, ribbon, thin
V1 V2 
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Fig. 1. Principle of GMI effect and impedance (|Z|) for a

magnetic conductor.
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Fig. 2. Field dependence of the high-frequency impedan
layers) passed by a high frequency current, when it
is subjected to a DC magnetic field.
The AC circular magnetic field, Hj; generated

by the driving current flowing through the
magnetic conductor determines changes of the
circular component of the magnetization, Mj:
The applied magnetic field affects the circumfer-
ential permeability of the magnetic conductor,
determining modifications of the AC current
penetration depth, which are closely related to
the impedance value at a given frequency.
|Z| (impedance modulus of the magnetic con-

ductor) is measured by the so-called four-points
method (Fig. 1), by which a given AC current
flows along the magnetic conductor and a voltage
is picked up at the ends. The impedance of the
magnetic conductor is calculated from the mea-
sured voltage, V1, and the current value, I,
calculated using the voltage measurement across
an accurately known low value resistor, R:

jZj ¼ V 1=I ¼ RðV 1=V 2Þ

Co-rich wire-shaped amorphous alloys show the
strongest GMI response (Fig. 2) because of their
specific magnetic domain structure consisting of an
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pedance dependence 
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ce for the Co-rich wire-shaped amorphous alloys.
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Fig. 3. Field dependence of the impedance for the CoFeSiB glass covered amorphous wires and 30 mm cold drawn wires at 10MHz.
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Fig. 4. Field dependence of the impedance for the CoFeSiB glass covered amorphous wires in 1–30MHz frequency range.
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axially magnetized inner core and a circumferen-
tially magnetized outer shell.
The circumferential magnetic permeability

plays an important role in this effect, being
closely related to the domain structure mentioned
above. GMI effect is characterized by GMI ratio
usually defined as DZ=Z ð%Þ ¼ 100� fjZðHÞj �

jZðHmaxÞjg=jZðHmaxÞj; where |Z| is the impedance
modulus and Hmax is the maximum applied field at
which the sample is considered to be magnetically
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saturated. High GMI ratio, upto 600%, was found
for CoFeSiB amorphous glass covered microwires
at frequencies close to 10MHz [3].
Two types of materials have been considered for

the sensing element of the sensor, CoFeSiB glass
covered amorphous wires and CoFeSiB conven-
tional amorphous wires with diameters reduced
from 120 to 30 mm by cold drawing in several steps
[4] (Fig. 3).
We found that the glass covered amorphous

wires present a higher sensitivity of the GMI effect
(especially in the very low field region) and better
linear dependence of the impedance with low
applied magnetic field (Fig. 4).
Maximum field sensitivity of the impedance of

2.5%/Am�1 can be achieved in the very low field
region (less than 200Am�1) at frequencies close to
10MHz. Resolution is below 10mAm�1 at a full
scale of 160Am�1 with maximum sensitivity of
H

IAC

Fig. 5. Image of the magnetic microparticles under an applied

magnetic field.

Fig. 6. The principle of a GMI-based magnetic biosensor, us
about 50 nT. This shows that the magnetic
microwire is extremely sensitive to very low
magnetic fields.
The possibility to use the GMI effect, which

occurs in a glass-covered amorphous microwire,
for a biodetection device is based on the microwire
capability to detect the magnetic microparticles
settled on and near the surface. Actually, in a
magnetic field, the glass covered amorphous wire
detects the magnetic fields arising from micro-
particles present on and near the surface (Fig. 5).
In this context, biomolecule detection is possible

only if functionalized magnetic particles can bind
to the target biomolecules previously caught on
the sensing element surface.
In practice, such target biomolecules which have

been previously specifically labeled, are intercepted
on the sensing element surface by fixed specific
natural or artificial bioreceptors such as ssDNA
(single stranded DNA), antibodies, proteins, en-
zymes (Fig. 6). Thereafter, the functionalized
magnetic microparticles (e.g. streptavidin mag-
netic beads) are introduced to mark the formed
structures on the sensing element surface. The
magnetic microparticles with high affinity for
target biomolecules (e.g. biotinylated biomole-
cules) are designed to be attached to each target
biomolecule. Subsequently, under an external
magnetic field influence, the magnetic microparti-
cles, bound to the sensing element active surface,
will develop a dipole field that will be detected by
the GMI sensor. Consequently, the amplitude of
ing the ssDNA hybridization phenomenon as example.
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the sensor impedance will be modified proportion-
ally with the magnetic microparticle concentra-
tion. Therefore, the target biomolecules will be
detected and quantitatively evaluated.
In the biosensor, the magnetic microparticles

must have a uniform spatial distribution over the
sensing element to be able to obtain a reproducible
response of the sensor. However, there is never a
perfect uniform spatial distribution, but a certain
probability to obtain it.
Fig. 7. Electronic microscopy of the cobalt magnetic micro-

particles.
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Fig. 8. The magnetization variation of the Co magnet
3. Results and discussions

Taking into account that the biosensor sensitiv-
ity relates to both the magnetic marker size and
magnetic marker characteristic [5], we realized that
magnetic microparticles were specially intended
for this type of sensor.
Therefore, using a chemical method (‘‘polyol

process’’) [6] we prepared Co magnetic micropar-
ticles having 0.9–2 mm in diameter range with
perfectly spherical shape (Fig. 7) and the magne-
tization saturation 160 emu/g (Fig. 8).
These Co magnetic microparticles were covered

with polystyrene using an emulsion polymerization
method. The magnetic microparticles size was of
10–15 mm in diameter. They were covered both to
prevent their agglomeration and to facilitate their
further combination with different organic mole-
cules that work as coupling agents for target
biomolecules.
Because the response of the sensor can be

improved if the magnetic particles dimensions are
comparable with the sensor sensing element, these
magnetic particles (Fig. 9) could be very suitable
for our GMI-based sensor because the sensing
element is 25 mm in diameter and approximately
1000 mm in length.
5000 10000 15000

Ms = 160 emu/g
Mr /Ms = 0.18
Hc = 493 Oe 

e)

ic microparticles against applied magnetic field.
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Fig. 9. Covered magnetic particles before (a), and after washing

(b).
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Fig. 10. Impedance response of the sensing element on the

magnetic particles concentration.
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To verify the sensitivity of the GMI-based
magnetic sensor, we measured the magnetic
impedance variation, DZ, against different con-
centrations of magnetic particles dispersed in
sodium dodecil sulphate (1% in distilled water).
We used styrene-covered Co soft ferromagnetic
microparticles with 10–15 mm in diameter. In
Fig. 10 is presented the variation of the magnetic
impedance, DZ, versus magnetic particle concen-
trations.
Considering the results, we can appreciate this

sensor sensitivity, which is very suitable for
different biomolecules detection. Also, we appreci-
ate that concentrations of 25–30magnetic parti-
cles/ml can be detected.
This GMI-based sensor presents a very high

sensitivity, a good thermal stability, offering at the
same time, due to its three-dimensional represen-
tation, a high detection surface. In addition,
structures of magnetic microwires arrays, even
superposed, with high density are possible.
To effectively work as biosensor, the sensing

element of the sensor must be functionalized
with specific bioreceptors. For this purpose, the
glass-covered amorphous microwire will be cov-
ered with a polymer using a procedure for binding
polymers on glass [7] or other appropriate
procedure [8]. This will be accomplished in our
further work.
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