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ABSTRACT

Magnetorelaxometry measurements on immobilized superparamagnetic magnetite (Fe304) nanopar-
ticles in freeze-dried samples using a low-cost Improved Giant MagnetoResistance Magnetometer
(IGMRM) are presented. Fits to relaxation phenomenological model based on Moment Superposition
Model (MSM) are used to extract the characteristic values. Concentrations of iron down to 3.85 pmol are
identified in a 150 pl volume from experimental measurements. Also, the extracted amplitude charac-
teristic value confidence intervals associated to measurements and detection performances are given.

1. Introduction

Magnetic NanoParticles (MNPs) have many applications in the
biomedical field ranging from biomaterial manipulation and drug
delivery in targeted therapy [1-3] to such medical applications
as treatment through magnetic heating [4]. MNPs used as labels
for biosensing have several potentials advantages over other ones.
As labels, MNPs have a low-toxicity [5] and allow detection in
opaque media [6]. Making use of these advantages, magnetic
immunoassays have been developed to quantify biological targets.
The so-called MAgnetic Relaxation ImmunoAssay (MARIA) is based
on the magnetic relaxation of magnetic nanoparticles [7]. The Mag-
netorelaxation technique, first proposed 14 years ago, has since
been widely developed and used [8-10].

The first magnetorelaxometry measurements were carried out
using SQUID sensors [11]. The SQUID is known to be one of the most
sensitive solid state magnetic field magnetometers, but it requires
liquid helium or liquid nitrogen cooling and is limited in terms of
picking up the initial part of the relaxation cycle. In recent years,
a similar system using room temperature fluxgate magnetometers
have been developed [8]. These can be put closer to the sample than
SQUID, partially compensating for their lower intrinsic sensitivity
and are able to pick up the entire relaxation cycle. Recent magne-
torelaxometry experiments with SQUID and fluxgate experimental
set-ups [12] have shown that sensed field were not, up to a point,
influenced by the experimental set-up.

The Giant MagnetoResistive (GMR) effect [13,14] has been pro-
posed for biosensing [15,16]and investigated with a view to replace
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SQUIDs as magnetic sensors for the detection of MNPs [17]. The
noise performances of GMR sensors are worse than those of SQUIDs
but this can be compensated by standoff reduction in the case of
GMR sensors and it leads to comparable signal-to-noise ratio when
magnetic microparticle detection is considered [17].

This paper deals with the potential use of a low-cost
IGMRM [18,19] to perform magnetorelaxometry measurements
on magnetic nanoparticle diluted samples. We first present the
characteristics of the IGMRM and its implementation in the mag-
netorelaxometry measurement set-up. Then, we present IGMRM
capability to observe magnetic nanoparticle relaxation versus time.
Finally, we introduce a model to evaluate the confidence interval
of the extracted characteristic value from the fits and the intrinsic
set-up noise.

2. Principle of operation

Magnetorelaxometry technique is based on the measurement
of magnetic signal induced by superparamagnetic nanoparticles
under an external applied magnetic induction. When the magnetic
induction is turned on, the magnetic moments of the nanoparti-
cles are aligned and sample shows measurable signals (cf. Fig. 1)
which are proportional to nanoparticle magnetization, myyps. Their
amplitudes depend on the applied external magnetic induction,
the MNP properties, MNP distance from the magnetometer and
MNP concentration. When the external magnetic induction is sud-
denly turned off, the magnetic moments of the MNP sample relax
according to different mechanisms, depending upon whether the
nanoparticles are mobile or immobilized [20]. For immobilized
MNPs, the magnetization decays only via the Néel mechanism [8].
Mobile MNPs also relax through Brownian motion. Models have
been proposed to express the relaxation phenomenon of ensembles
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Fig. 1. Typical MNP signal response. External applied magnetic induction, By, and
sensed magnetic signal, B(t), in magnetorelaxometry experiments. tr is the start
recording time. Beyond, data points are used to fit curves with the relaxation
phenomenological expression. ts corresponds to the cut-off time of the magnetic
induction. t, is the magnetic induction falling time.

of MNPs, the so-called Moment Superposition Model (MSM) [21].
By measuring the magnetization decay, MNPs can be distinguished
by their different relaxation behavior, whether they are bound or
not. Then, they can be used as biomarkers when functionalized with
specific biomaterials, such as antibodies or antigens.

3. Experimental set-up

Magnetorelaxometry measurements were performed on a
series of five 150 ul samples of dilute magnetite (Fe304) super-
paramagnetic MNPs. The MNPs are commercially available ones
from Chemicell Gmbh and exhibit diameter core size around 10 nm.
Each new sample is diluted by a factor of two with deionized
water from the previous one, from N1, being the most concentrated
with a Fe content of Cy; =22.9 mg/ml, to Ns, the least concentrated
(diluted by a factor of 16). The MNPs were immobilized by freeze-
drying, so that the sample magnetization, mynps, decays via the
Néel mechanism and an associated characteristic phenomelogical
time constant, Tiymopiiized derived within the MSM framework.

The experimental set-up (cf. Fig. 2) is similar to the fluxgate
magnetorelaxometry system developed by Ludwig et al. [22]. The
IGMRM, few mm?3, is located near the center of a Helmholtz coil
with its sensitive axis perpendicular to the external applied mag-
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netic induction in order to minimize the signal in the absence
of sample. Samples containing the magnetic nanoparticles are
positioned close to one end of the IGMRM, in practice (~3 mm),
so that the signal is maximized. The Helmholtz coil produces a
magnetic induction, Bg, during a time interval, t;. The magnetic
induction tend to align the magnetic moments of the MNPs because
of magnetic force giving rise to a torque, leading to a rotation
of the magnetic moment along its axis. This alignment mech-
anism overcomes the magnetic MNP moment agitation due to
thermal energy when a sufficiently high field is applied (the ratio
of aligned particles can be quantified by the Langevin function).
After switching-off the external applied magnetic induction, ran-
dom scattering induces a small relaxation of the sensed magnetic
signal. For the relaxation processes to be observable, the magnetic
induction must be switched off abruptly. For this purpose, a volt-
age amplifier and drive electronics, providing a linear decay of the
magnetic induction within 400 s, were built. The current flowing
through the Helmholtz coil, I, was determined using a resistor
placed in series. The signal was low-pass filtered (10kHz), ampli-
fied, and averaged (128 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 -
metal and one in aluminum, with an internal white noise lower
than 20T/ /Hz).

The IGMRM [18,19] uses analog and low field magnetoresistor
(MR) sensor AA002 from the NVE Corporation [23]. Sensor consists
of unshielded and shielded sensitive elements arranged in a bridge-
circuit configuration. The latter was supplied by a voltage of 12 V.
The IGMRM readout electronic is made, similarly, as classical mag-
netometers and operates in optimal field locked loop mode. The
latter minimizes the bridge-circuit non-linearity and hysteresis.
The design of the feedback circuit was made with a single Oper-
ational Amplifier and two feedback elements (coil and resistor). In
the loop, abias voltage determines the bias field. It places the sensor
at its highest sensitivity. Moreover, the bias field is low affected by
the bias voltage fluctuations which are filtered. In the bandwidth,
the flat frequency response of the closed-loop sensitivity is deter-
mined by the geometrical factors of the feedback coil and a resistor.
To summarized, the IGMRM yielded an intrinsic magnetic noise
spectral density of 50 pT/,/Hz (equivalent to intrinsic GMR noise)
at frequencies higher than 4 kHz. The measured values for sensitiv-

Fig. 2. Experimental set-up for magnetorelaxometry experiments.
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Fig. 3. Averaged (128 times) magnetic relaxation signal of freeze-dried magnetite
samples, sensed with an IGMRM. N; and Ny correspond to the most concentrated
sample and to the blank measurement, respectively. To account for offset drifts of
the system, each individual curves were offset-corrected to zero at t=2s.

ity, band-width and dynamic range were 1 kV/T, more than 300 kHz
and 120dB/,/Hz, respectively. The slew-rate was measured to be
over than 37T/s.

4. Results

4.1. Measured signals and measured field amplitudes versus the
sample concentration in nanoparticles

The measured signals were averaged 128 times to produce
curves, which are used in the experiments for different concen-
trated freeze-dried magnetic nanoparticle samples, as given in
Fig. 3. The samples were magnetized in a magnetic induction, By,
of 2mT during 2.5s every 5s. A non-zero response without sam-
ple, during blank measurement, likely due to the non-orthogonality
between the Helmholtz coil and IGMRM axes, was observed, ini-
tially. To compensate for this misalignment and for the equivalent
magnetic field drift of the measuring system, we notice that the sys-
tem was offset corrected. Indeed, measurements on each sample
were consistently preceded by a blank measurement that was sub-
sequently subtracted to the measurements. The difference between
each pair of results yielded a signal proportional to the MNPs mag-
netization, ocimynps, of each sample. Fig. 4 shows the measured stray
field of the magnetized samples as a function of their concentration.
The signals exhibit near linear variation with sample concentration,
as expected.

4.2. Magnetorelaxometry and amplitude extracted

The signal decay caused by Néel relaxation mechanism of
the ensemble of immobilized MNPs, when the external magnetic
induction is turned off, could be clearly observed for the most
concentrated samples, Ny and Ny, as shown in Fig. 5. Similarly to
previous curves, a blank measurement was subtracted from mea-
surement with sample. After the initial transition, the experimental
sensed relaxation curves of immobilized superparamagnetic MNPs
can be fitted by the expression [22]
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Fig. 4. Measured and averaged (128 times) sample magnetization, proportional to
mpnps, versus MNP freeze-dried sample concentration with associated linear regres-
sion (dotted line, o« mynps = —0.076 4 0.055 - Cy;).

where « is a coefficient depending on the position or distance of
sample to IGMRM and on the spatial magnetometer resolution [24].
bn(t) is the set-up noise and B stands for the offset of the IGMRM.
K Boff immobilized |N;» K Bimmobitized|N;» a0d Timmobilizea are fit parameters.
tp corresponds to the beginning of the Néel relaxation mechanism
after the switch-off at time t; of the applied magnetic induction,
Bg. For the fitting procedure, considering the sampling period and
the electronic set-up, the start recording time was fixed at t; so
that tf — tx = 800 us. The value of Tinmonilizea and to were deter-
mined with the fit of the most concentrated sample, N;. Theses
two parameters are used as a constant to fit N, to N5 sample
curves. Fig. 6 illustrates the N; sample experimental relaxation
curve and its associated fit. The magnetic field amplitude image,
K Bimmobilized|N;» €xtracted from fits, is plotted versus sample con-
centrations (cf. Fig. 7). Also, we observe a correlation between the
extracted parameter value, & Bimmobitized|N;» versus MNP concentra-
tion of samples.
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Fig. 5. Close view, in the transition region, of the magnetic relaxation signals of
the freeze-dried magnetite samples (averaged 128 times). Curves are presented in
a waterfall plot. Ny and Ny correspond to the most concentrated sample and to the
blank measurement, respectively.
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Fig. 6. Magnetic relaxation signal of the most concentrated freeze-dried sam-
ple N; with its associated fit to the expression of relaxation (1). Ny corresponds
to the blank measurement. (k Bogimmobilized|Ny = —42 NT; K BimmobilizeaIn; = 47 0T,
Timmobilized = 2.7 S)-

4.3. Confidence interval of extracted amplitude

In this paragraph, we evaluate the confidence interval of mag-
netic field amplitude extracted from fits. As mentioned previously,
the fit to the MSM phenomenological relaxation mechanism model
was done in two consecutive steps. Firstly, the values of Tj,mopitized
and to were determined with the help of the NELDER-Mead method
[25] in the most concentrated sample’s case, N1. Timmobilized Of 2.7 S
extracted here is in good agreement with the MSM model accord-
ing to which this quantity is for small fields of the order of the
magnetization time [21] (2.5 s here). Secondly, those two param-
eters were kept constant for further fitting. Considering this, MNP
relaxation can be seen as a linear model in & By immobitized|n; and
K Bimmobilized IN;» if Timmobilizea and to are known. Also, (1) is simplified
by defining z(t) as follow
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Fig. 7. «Bimmobilizeal; amplitude obtained from fitting using least mean square
regression on the measured relaxation curves with (1) versus iron freeze-dried
sample concentration. The 99% confidence interval was calculated with (4) after
evaluation for each sample of the magnetic relaxation signal noise variance in the
respect of the considered sample. Noises are obtained by differentiation between
the measured relaxation curves and the curves extract from fit. The dashed line
illustrates the slope (8=0.46) obtained for the measurements. In theory, a linear
relationship (B=1), illustrated by the dotted line, should be expected between the
amplitude, « Binmobilized|N; » and MNP concentration, Cy;.

Consequently, experimental sampled curves can be rewritten
as

Bi~«k [Boffimmobilizedm,- + Bimmobilized|N; - T(iTS)]
+bn(iTs) withi=1, 2, 3tom (3)

where sampling frequency, fs, is equal to 1/Ts and m is the length
of one data list.

The linearization allows for the use of least mean square regres-
sion for fitting the measured signals. In the hypothesis of well given
Timmobilized aNd to values and an uncorrelated and Gaussian set-
up noise (verified with the set-up used and mainly limited by the
used data acquisition system), an approximate confidence interval
of level, «, could be given by the (y=m—2) degrees of freedom
Student Law, £, />(y), as

|KBimmobilized|N,- - KBimmobilizecl|N,—|

a/~'Nb
VI (et~ 57 0T)

where & Bimmonbitized! N; is the estimated value of & Bjmmopitized|N;» o?is
the variance of the set-up magnetic noise and Nb is the number of
measured signal (128 times).

Considering the confidence interval bars in the Fig. 7, firstly the
noise variance for each sample was calculated from the relaxation
measurements of the considered sample by subtraction of the fit-
ted curve to the corresponding measured signal. Then, confidence
intervals were evaluated with (4) for a 99% confidence interval (i.e.
to.005(m —2)=2.576 with m=5000) and are given in Fig. 7.

In the hypothesis of k Bimmopilized IN; CI’Z'_, where Cy, corresponds
to N; sample concentration in pmol and g is almost equal to 1,
and using previous Eq. (4), expected confidence interval of concen-
tration evaluation is given, in the respect of highest concentration
sample knowledge, by

Cn,

K Bimmobilized|N1

“tm-2).a/2 (4)

’CN,- - CN,—’ ~ | Bimmobitized|N; — K Bimmobilized IN; | (5)

We notice that for 1/f noise, performed simulations lead to sim-
ilar behavior of the confidence interval as a function of the variance
of noise but no mathematical expression has been made so far.

5. Discussion

This paper relates the first magnetorelaxometry experiments
performed with IGMRM. Discrepancy with the model (8~0.5, cf.
Fig. 7) might be explained partially by the mechanical adjustment
of the experimental set-up, the averaging and by the fast repeti-
tion time of the magnetic induction, B. Indeed, the 2.5s duration
without magnetic induction is not long enough for all MNPs to com-
pletely relax [12]. The confidence interval model proposed cannot
be here used at best. Further measurements with longer relaxation
period would be needed to get meaningful magnetorelaxometry
results. Certainly, the experimental set-up used, identical to the one
previously used for magnetorelaxometry experiments with GMI
magnetometers [26] can be mechanically improved to enhanced
magnetorelaxometry results.

Anyway, the high dynamic range, the high bandwidth and
the high slew-rate of the IGMRMs allow for an improvement of
measurements (high simple hardware gradiometer noise rejec-
tion efficiency, in open environment) without low temperature
operation required for SQUID-based systems, as example. Com-
pared to fluxgates, IGMRM should be less expensive and more
compact. However, some optimization is still required to take
advantage of their full potential. Differential measurements and
signal acquisition taking benefit of the high slew-rate of the IGMRM



magnetometer could lead to perform magnetorelaxometry exper-
iments comparable to fluxgate ones. Especially, considering the
linearized model proposed in (2), improvements in the confidence
interval of the measurements could be obtained by early signals
acquisition after magnetic induction decay. Indeed, early signals
acquisition will increase the denominator of (4).

6. Conclusion

We have performed magnetorelaxometry experiments on
superparamagnetic magnetite (Fe3O4) nanoparticles using an
IGMRM. The amplitudes extracted from fits were shown to be cor-
related to the concentration of the MNPs in samples. A model was
proposed for the confidence interval of the amplitudes extracted
from least mean square regression fits. The proposed model high-
lights ways of improvement as far as signal acquisition is concerned
for the confidence of the extracted amplitude, & Binmopitized|n;- More,
this formulation helps to compare magnetometer performances
for magnetorelaxometry experiments. Further experiments will be
performed taking into account experimental set-up improvements
and measurement procedures.
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