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Magnetorelaxometry of Nanoparticles Using
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We have performed magnetorelaxometry measurements on superparamagnetic magnetite (Fe;O,)
nanoparticles using a low-cost custom-made Giant Magnetolmpendance magnetometer. We
demonstrate that we are able to evaluate the concentration of nanoparticles in the sample (with a
volume of around 150 ul) by comparison with reference measurements of the induced magnetic
field using fits to the Néel expression for magnetorelaxation.
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1. INTRODUCTION

Magnetic nanoparticles are increasingly studied for biolog-
ical and medical applications. They are used as markers,
for biomaterial manipulation and drug delivery in tar-
geted therapy,' and even for treatment through magnetic
heating.* As markers, they are not susceptible to bleaching
as are fluorescent dyes, are non-toxic, and allow detec-
tion in opaque media. Making use of these advantages,
magnetic immunoassays have been developed to quan-
tify biological targets. The so-called magnetic relaxation
immunoassay (MARIA) is based on the magnetic relax-
ation of magnetic nanoparticles.” The Magnetorelaxation
technique, first proposed 13 years ago, has since been
widely developed.

The first magnetorelaxometry measurements were car-
ried out using SQUID sensors.® The SQUID is known to
be one of the most sensitive solid state magnetic field sen-
sors, but it requires liquid helium or liquid nitrogen cool-
ing and is limited in terms of picking up the initial part
of the relaxation cycle. More recently, a similar system
using room temperature fluxgate magnetometers has been
developed.” These can be positioned closer to the sample,
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partially compensating for their lower intrinsic sensitivity
and are able to pick up the entire relaxation cycle.

The giant magnetoimpedance (GMI) effect®® has been
proposed for biosensing.!” New developments in high sen-
sitivity magnetic sensors!!*!2 show the potential of GMI
magnetometers to improve over fluxgate magnetometers,’
at lower cost. This paper demonstrates the use of a cus-
tom made low-cost GMI magnetometer to perform mag-
netorelaxometry measurements on dilutions of magnetite
nanoparticles. We first present the characteristics of the
GMI magnetometer which we have developed, and its
implementation in a magnetorelaxometry measurement
system. We then demonstrate the detection of the relax-
ation behavior of magnetic nanoparticles, using the mag-
netorelaxometry technique.

2. PRINCIPLE OF OPERATION

Magnetorelaxometry is based on the measurement of the
magnetic signal of superparamagnetic nanoparticles under
an external magnetic field. When the field is turned on,
the magnetic moments of the nanoparticles are aligned and
the sample shows a measurable signal (see Fig. 1), pro-
portional to the nanoparticle magnetization myyp,. This



Fig. 1. External applied magnetic field and sensed magnetic signal in a
magnetorelaxometry experiment.

signal depends upon the applied external field, the mag-
netic properties of the nanoparticles, their distance from
the magnetometer and their concentration. When the exter-
nal magnetic field is abruptly turned off, the magnetic
moments of the sample of nanoparticles relax accord-
ing to different mechanisms, depending upon whether the
nanoparticles are mobile or immobilized.!* For immobi-
lized nanoparticles, the magnetization decays only via the
Néel mechanism.” Mobile nanoparticles also relax through
Brownian motion. By measuring the magnetization decay,
the degree to which the nanoparticles are bound can be
distinguished by their different relaxation behavior. They
can then be used as biomarkers when functionalized with
specific biomaterials, such as antibodies or antigens.

3. EXPERIMENTAL DETAILS

Magnetorelaxometry measurements were performed on a
series of six 150 wl samples of dilute magnetite (Fe;O,)
superparamagnetic nanoparticles. Each new sample is
diluted by a factor of two with DI water from the previous
one, from N1 being the most concentrated with an Fe con-
tent of 22.9 mg/ml, to N6, the least concentrated (diluted
by a factor of 32). The nanoparticles were immobilized by
freeze-drying, so that the sample magnetization decays via
the Néel mechanism.

The experimental set-up is similar to the fluxgate mag-
netorelaxometry system developed by Ludwig et al.'* The
GMI magnetometer, 3 cm long and 1 cm wide, is located
near the center of a Helmholtz coil with its sensitive axis
perpendicular to the applied field, minimizing the signal in
the absence of a sample. The sample containing the mag-
netic nanoparticles is positioned adjacent to one end of the
magnetometer, in practice 2 to 4 millimeters, so that the
signal is maximized. The Helmholtz coil produces a mag-
netic induction B,,,, (1 mT to 2 mT) during a time interval
tmag (0.4 s 10 5 s) aligning the particles’magnetic moments.
After switch-off of the magnetic field, random scattering
induces a small relaxation of the sensed magnetic signal.
For the relaxation processes to be observable, the mag-
netic field must be switched off rapidly. For this purpose,

a voltage amplifier and drive electronics, providing a lin-
ear decay of the magnetic field within 400 us, were con-
structed. The current flowing through the Helmholtz coil
was determined using a resistor placed in series with it.
The signal was low-pass filtered (10 kHz), amplified, and
averaged several times to improve the signal-to-noise-ratio.
All measurements were performed at room temperature
within the GREYC magnetic shielded room (one layer in
soft iron, four in w-metal, one in aluminum, white noise
<20 fT/+/Hz).

The GMI magnetometer used a CoFeSiBNb soft mag-
netic wire, with ac and dc bias and a peak detector'> !>
along with an integrator, a resistor and a feedback coil.
In this locked loop mode, the GMI device operates
around an optimal working point. The magnetic wire
used yielded an equivalent magnetic noise spectral den-
sity of 25 pT/+/Hz at 10 kHz (values down to 3 pT/+/Hz
were previously reported in a similar design with a bet-
ter sensing element).'> The measured values for sensitiv-
ity, band-width and dynamic range were 90 kV/T, more
than 10 kHz, and 130 dB/+/Hz, respectively. The expected
slew-rate is 22 T/s (a value of 1.4 T/s is measured, cor-
responding to the Helmholtz coil excitation decay). While
the equivalent magnetic noise is limited by the GMI wire,
the other characteristics of the magnetometer are limited
by the feedback electronics.

4. RESULTS

Figure 2 shows the relaxation curves, averaged 128 times,
measured for the three most concentrated freeze-dried
magnetic nanoparticle samples. The samples were mag-
netized in a magnetic induction of 2 mT during 2.5 s.
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Fig. 2. Magnetic relaxation signal of freeze-dried magnetite samples,
measured with a GMI magnetometer, and averaged 128 times. N1 cor-
responds to the most concentrated sample and NO to the measurement
without sample. To account for drifts of the system offset, the individual
curves were offset-corrected to zero at + =2.5 s. An external magnetic
induction of 2 mT was applied for 2.5 s.
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Fig. 3. Measured field versus sample concentration of Fe in the sample
with zero crossing linear regression (dotted line). An external magnetic
induction of 1 mT was applied for 2 s. Measured curves were averaged
16 times.

A non-zero response without the sample, likely due to the
non-orthogonality between the Helmholtz coil axis and the
GMI magnetometer, was initially observed. To compensate
for this misalignment and for the equivalent magnetic field
drift of the measuring system, measurement on each sam-
ple was systematically preceded by a measurement with-
out sample. The difference between each pair of results
yielded a signal proportional to the magnetization of the
corresponding sample. Figure 3 shows the measured stray
field of the magnetized samples as a function of their con-
centration. The signals exhibit near linear variation with
sample concentration, as expected.

Let us now focus on the relaxation when the external
field is turned off. The signal decay caused by Néel relax-
ation could be clearly observed for the most concentrated
samples, N1 and N2, as shown in Figure 4. The signal
without sample was subtracted from that with sample. The
experimental relaxation curves of immobilized superpara-
magnetic nanoparticles, after the initial transition, can be
fitted well by the expression!!

) m

where B, By and 7y are fit parameters, ¢, is the switch-
off time of the magnetizing field. The value of 7y and ¢,
were determined with the fit of the most concentrated sam-
ple, N1, and then used as a constant to fit samples N2
to N4. The result is shown in Figure 4. The Néel amplitude
By extracted from the fits, is plotted as a function of the
magnetic nanoparticle content of the sample (in Fig. 5).
We observe the expected linear behavior.” Due to the low
signal-to-noise ratio, fits for the least concentrated samples
could not be performed.

Improvement in the mechanical adjustment of the set-
up and reduction of the GMI magnetometer noise to
levels lower than or comparable to that of fluxgates
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Fig. 4. Magnetorelaxometry signals measured on a dilution series of
freeze-dried magnetite samples with their fit to the Néel expression of
relaxation (1). The signal measured without a sample was subtracted from
the measured relaxation curves before fitting. All curves were averaged
128 times.
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Fig. 5. Néel amplitude obtained from fitting the measured relaxation
curves with Eq. (1) versus iron concentration of the sample, with zero
crossing linear regression (dotted line).



(few pT/\/Hz) are required for the extraction of the Néel
amplitude for those samples. The high dynamic range,
the high bandwidth and the high slew-rate of the GMI
magnetometer allows for an improvement of measure-
ments without the low temperature operation required for
SQUID-based systems. Compared to fluxgates, GMI mag-
netometers should be less expensive and more compact.
However, some optimization is still required to take advan-
tage of their full potential. The size of the magnetic wire
core of the GMI magnetometer, several tens of um in
diameter, could provide an advantage for integration in
biomicrosystems.

5. CONCLUSIONS

We have demonstrated that the GMI magnetometers
are suitable for magnetorelaxometry experiments on
superparamagnetic magnetite (Fe;O,) nanoparticles. As
expected from theory, the Néel amplitude extracted from
the fits is proportional to the concentration of the magnetic
nanoparticles in the samples. The signal-to-noise ratio of
the GMI magnetometers used in those experiments lim-
ited the detection for the least concentrated samples. This
limit may be extended by using a GMI magnetometer with
a lower noise, for which one order of magnitude can be
expected.'?
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