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Detection of 10-nm Superparamagnetic Iron Oxide Nanoparticles
Using Exchange-Biased GMR Sensors in Wheatstone Bridge

L. Li , K. Y. Mak , C. W. Leung , S. M. Ng , Z. Q. Lei , and P. W. T. Pong

Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong
Department of Applied Physics, Hong Kong Polytechnic University, Hong Kong

We demonstrated the use of exchange-biased giant magnetoresistance (GMR) sensors inWheatstone bridge for the detection of 10-nm
superparamagnetic iron oxide nanoparticles (SPIONs). The SPIONs were synthesized via coprecipitation method, exhibiting a super-
paramagnetic behavior with saturationmagnetization of 57 emu/g. The output voltage signal of theWheatstone bridge exhibits log-linear
function of the concentration of SPIONs (from 10 ng/ml to 0.1 mg/ml), making the sensors suitable for use as a SPION concentration
detector. Thus the combination of 10 nm SPIONs and the exchange-biased GMR sensors has potential to be used in the bio-detection
applications where ultra-small bio-labels are needed.

Index Terms—Giant magnetoresistance (GMR), magnetic sensor, superparamagnetic nanoparticles.

I. INTRODUCTION

M AGNETIC biodetection based on magnetic particles
has been extensively studied in the past decades. The

basic principle is first labeling the targeting biomolecules with
magnetic particles, and then these attached magnetic particles
are captured by target-probe biomolecular recognition and
measured by magnetic sensors. There are remarkable advan-
tages to use magnetic particles in the detection of biomolecules
[1]. Their magnetic properties can be very stable, not affected
by chemical reaction or photo-bleaching. The magnetic par-
ticles can be remotely manipulated by using magnetic field
gradients without the interference or screening from the sur-
rounding biomaterials. Previous work in this field has shown
that there are two cost-effective techniques for detecting the
magnetic particles: superconducting quantum interference
device (SQUID) magnetometer and magnetoresistance sensor
[2], [3]. In the latter, giant magnetoresistance (GMR) sensor
has attracted lots of attentions being inspired by their successful
applications in hard disk drives and magnetic recording [4],
[5]. Compared to SQUID-based magnetic bio-detection, the
GMR technology exhibits the advantages of room-temperature
operation, low-power consumption, less complex instruments,
compact-in-size and portable, and more flexible implementa-
tion [6]. Thus GMR sensor has become a hot choice in magnetic
bio-detection.
Bio-detection generally aims at detecting the concentration

of specific biological molecules in solution [7]. The magnetic
biosensor system utilizing GMR sensor called BARC is firstly
demonstrated by a group at the Naval Research Laboratory and
NVE Corporation [3], [7]. The superior performance of mag-
netic bio-detection utilizing GMR multilayer sensor than flu-
orescent bio-detection was demonstrated by another German
research group [8]. Recently, a lateral flow immunoassay [9],
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an analytical model for the quantification of protein interac-
tion [10] and a quantitative bio-molecular sensing station [11]
based on GMR sensor array were presented by the groups from
USA, Spain, and Portgual. However, most commercially avail-
able magnetic particles used as bio-probes for bio-detection by
these groups tend to be micron or submicron sized. Their larger
sizes do not match with the size of typical DNA fragments or
protein targets in biological detection. In order to achieve ultra-
high sensitivity of bio-detection, the size of magnetic bio-labels
with a diameter less than 20 nm are desirable. It is a great chal-
lenge to detect such tiny magnetic nanoparticles because their
magnetic moments are relatively low due to their limited size
[5].
In this paper, we investigated the possibility of detecting su-

perparamagnetic iron oxide nanoparticle (SPIONs) with diam-
eter of 10 nm utilizing GMR sensors in Wheatstone bridge.
The superparamagnetism of SPIONs indicates that the particle
agglomeration can be avoided when there is no external mag-
netic field. The ultra-small size of SPIONs can be more compa-
rable to that of the conjugating biomolecules so that they would
not block biomolecular interactions [6]. We find that the 10-nm
SPIONs can be detected by the exchange-biased GMR sensors
in our experimental setup. This may make possible the applica-
tion of 10-nm SPIONs as bio-labels utilizing the exchange-bi-
ased GMR sensors as detectors in magnetic bio-detection.

II. EXPERIMENTS

Superparamagnetic iron oxide nanoparticles (SPIONs) were
synthesized based on the chemical coprecipitation of ferrous
and ferric salts in alkaline aqueous solution. This is a simple
and straightforward method without involving complicated ex-
perimental setup, as described in the previous paper [12], [13].
The size and morphology of the SPIONs were characterized by
transmission electron microscopy (TEM, Philips CM100). The
magnetic property measurement of the SPIONs was carried out
at room temperature by using a vibrating sample magnetometer
(Lakeshore, VSM 7400).
For the magnetic signal detection, we used bipolar GMR

sensor (GF 708) manufacture by Sensitec GmbH in Mainz,
Germany. The schematic structure of the spin valve is illus-
trated in Fig. 1. It consists of a seed layer, antiferromagnetic
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Fig. 1. Schematic structure of the exchange-biased GMR spin valve. It is
composed of seed/PtMn/CoFe/Ru/CoFe/Cu/CoFe/NiFe/Ta. The anti-par-
allel-pinned (AP-pinned) structure provides an alternative pinning mechanism
in place of a conventional single antiferromagnet. The arrows indicate the
possible magnetization directions. The superparamagnetic iron oxide nanopar-
ticles (SPIONs) are magnetized out-of-plane while the sensors are sensitive to
the in-plane component of the stray field emanated from the SPIONs.

layer (PtMn), synthetic antiferromagnetic layer, spacer (Cu),
free layer (CoFe/NiFe), and top layer (Ta). The synthetic an-
tiferromagnetic layer is composed of two ferromagnetic CoFe
layers (pinned layer and antiparallel-pinned layer) sandwiching
a Ru layer. The synthetic antiferromagnetic layer is strongly
pinned by exchange bias with the underlying antiferromagnetic
layer, The exchange-bias effect overcomes the pinned layer
stability problem resulting from the pinned layer reversal often
observed in conventional spin valves [14]. The SPIONs are
magnetized out-of-plane while the sensors are sensitive to
the in-plane component of the stray field emanated from the
SPIONs.
Each individual sensor consists of four elements in a Wheat-

stone bridge configuration, as shown in Fig. 2. Two of the ele-
ments (R and R ) serve as the sensing elements, while the other
two elements (R and R ) are shielded as the compensating ele-
ments. Every sensing element with a meandering shape consists
of four spin valve strips as shown by the arrow in Fig. 2. The
dimension of each strip is . With the on-chip
flux concentrators (two trapezoids in Fig. 2), a large sensitivity
of 13 mV/V/Oe can be achieved.
The schematic diagram of our measuring setup can be seen

in Fig. 3. The GMR sensor was glued to a printed circuit board
(PCB) with two part epoxy, and was wire-bonded directly to
the pads on the PCB. The Keithley 2400 source meter provides
current or voltage for the GMR sensor and the Keithley 2000
digital multimeter is used to measure the Wheatstone bridge
output voltage. The Kikushi Bipolar Power Supply PBZ 40-10
was used to supply DC current to the Helmholtz coils to provide
an in-plane magnetic field. A perpendicular field was applied
by means of a permanent magnet located just below the PCB
where the GMR sensor was placed. The perpendicular magnetic
field acting on the particles could be adjusted by modifying the
magnet position along the vertical axis.

Fig. 2. Layout of a GMR detector: and are sensing elements, and
and are compensating elements of a Wheatstone bridge. The two trapezoids
represent two flux concentrators shielding and .

Fig. 3. Schematic diagram of the instrument setup for SPIONs measurement.
The Keithley 2400 sourcemeter provides current or voltage for GMR sensor and
the Keithley 2000 digital multimeter is used to measure the Wheatstone bridge
output voltage. The Kikushi Bipolar Power Supply PBZ 40-10 is used to supply
constant DC current to the Helmholtz coils to provide an in-plane magnetic field.
A perpendicular field was applied by means of a permanent magnet located just
below the PCB where the GMR sensor was placed.

The SPIONs were dispersed in ethanol by sonication for 5
minutes and vortexed for 15 s. Five different concentrations (10
ng/ml, 0.1 , 1 , 10 , and 0.1 mg/ml) were
prepared. The two flux concentrators magnetically shield the
two compensating elements (R and R in Fig. 2) in Wheat-
stone bridge, and thus only the sensing area
containing two sensing elements (R and R in Fig. 2) are ex-
posed. After 0.1 SPION solution in ethanol was drop-casted
over the sensing area, the real-time output-voltage of theWheat-
stone bridge was recorded every twominutes. The measurement
data was conveyed to the PC via GPIB connection for further
analysis.
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Fig. 4. (a) TEM bright-field image, and (b) VSM result of the superparam-
agnetic iron oxide nanoparticle (SPIONs) with an average size of 10 nm. The
saturation magnetization of the SPIONs is 57 emu/g.

III. RESULTS AND DISCUSSION

The synthesized SPIONs were examined under TEM to eval-
uate their physical properties. The TEM image of the SPIONs
is presented in Fig. 4(a). The SPIONs exhibit a spherical shape
with an average size of around 10 nm. The magnetic hysteresis
curve of the SPIONs was measured at room temperature by
VSM. As shown in Fig. 4(b), the SPIONs display a saturation
magnetization of 57 emu/g. The steep initial slope of its mag-
netization curve and zero magnetic remanence indicate a super-
paramagnetic behavior with a high magnetic susceptibility. Due
to their superparamagnetic characteristic, the SPIONs do not ag-
glomerate after the application of an external magnetic field.
In the measuring setup, a DC current of 2 10 A was

applied to the Wheatstone bridge for output voltage measure-
ments. The transfer curve of the output voltage is shown in
Fig. 5. For small resistance change, using constant-current
mode is preferred because it offers more linear response and
higher sensitivity than using constant-voltage mode [15]. An-
other reason to use a small DC current is to avoid the sensor
heating. The Helmholtz coils were supplied a constant DC
current to provide an in-plane magnetic field of 2 Oe, which
can place the GMR sensor bridge at its most sensitive operating
point as indicated by the red circle in Fig. 5. In order to saturate
and polarize the SPIONs, a perpendicular field of 2,000 Oe
was applied by the permanent magnet under the sensors. From
the magnetization curve in Fig. 4(b), the SPIONs exhibit 45.6
emu/g magnetization with an applied field of 2,000 Oe.
The output voltage signals incurred by the SPIONs in

ethanol with five different concentrations (10 ng/ml, 0.1
, 1 , 10 , and 0.1 mg/ml) on the GMR

sensors in Wheatstone bridge are plotted in Fig. 6. The signal
from the GMR sensors with no treatment serves as the back-
ground reference and it was subtracted from the other output
signals. The signal from the GMR sensor treated with the same
volume of ethanol without SPIONs served as control. After
the ethanol evaporated in two minutes, the output voltage of
the GMR sensor in Wheatstone bridge exhibited observable
increase from its initial value. Treatment with higher SPION
concentration led to larger increase while treatment with lower
SPION concentration led to smaller increase. The signal drift
after two minutes can be ascribed to the slight movement of
nanoparticles on the sensor surface which was caused by the
slow evaporation of the residual water in ethanol. It can be ob-
served that the ethanol containing no SPIONs produced nearly

Fig. 5. Transfer curve of the GMR sensor in Wheatstone bridge. The most sen-
sitive operating point is indicated by the red circle.

Fig. 6. Output voltage versus time trace for the GMR sensor detection of the
SPIONs with five different concentrations from 10 ng/ml to 0.1 mg/ml. Ethanol
without SPIONs served as control.

no changes on the output signal. The output voltage signal
(after subtracting the background reference signal) measured
over a period of time from 10 min to 60 min was averaged to be
the final value of output voltage signal. Here, the final values of
the output voltage signals for the five different SPION concen-
trations are 0.032 mV (10 ng/ml), 0.057 mV (0.1 ), 0.132
mV (1 ), 0.186 mV (10 ), and 0.263 mV (0.1
mg/ml). The relation between the output voltage signal of the
GMR sensor and the SPION concentrations is plotted in Fig. 7.
The lowest detectable concentration of SPIONs in our setup
is 10 ng/ml. The output voltage changes with the logarithm of
the SPIONs concentrations from 10 ng/ml to 0.1 mg/ml, and
thus the concentration of SPIONs in this range can be deduced
from the output signal of the bridge. It was reported that the
output signal of a MR sensor exhibits a linear increase with
the coverage area of magnetic particles on the sensor surface
[8]. In a drop-casted system, the final coverage area of iron
oxide nanoparticles on a solid substrate is mainly subject to the
“coffee ring” effect [16], and the “ring” size is approximately
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Fig. 7. Plot of the sensor output signal versus the concentration of SPIONs.
Ethanol without SPIONs serves as control.

proportional to the logarithm of the nanoparticle concentration
[17]. Since the coverage area of nanoparticles is proportional
to the “ring” size, the coverage area is also proportional to the
logarithm of the nanoparticle concentration. Therefore, it is
sound that the output voltage changes with the logarithm of
the SPION concentrations, which is consistent with the results
achieved by using a MTJ sensor in a similar drop-casted system
[18].

IV. CONCLUSION

We investigated the possibility of using 10-nm SPIONs in
a sensing scheme involving exchange-biased GMR sensors.
The detection of SPIONs was carried out by drop-casting the
SPIONs solution with five different concentrations (10 ng/ml,
0.1 , 1 , 10 , and 0.1 mg/ml) onto the sur-
face of the GMR sensors. The final output voltage of the GMR
sensor in Wheatstone bridge exhibited a remarkable rising
value as the concentration of the detecting SPIONs solution
increased. The lowest detectable concentration of SPIONs
in our setup is approximately 10 ng/ml. The output voltage
changes with the logarithm of the SPIONs concentrations from
10 ng/ml to 0.1 mg/ml, and thus the concentration of SPIONs in
this range can be deduced from the output signal of the bridge.
This enables the potential application of 10 nm SPIONs as
bio-labels with the exchange-biased GMR sensors as detectors
in the type of bio-detection where ultra-small bio-labels are
needed.
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