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A B S T R A C T

The investigation of magnetic nanoparticles for medical and biological applications is relatively recent and steadily growing. When properly functionalized, magnetic
nanoparticles (MNPs) can target cancer cells and deliver a drug or heat to these cells. MNPs are being investigated in several applications in medicine such as
hyperthermia, magnetic particle imaging, cell separation and magnetofection, in vitro and in vivo alternating current biosusceptibility, T1 and T2 magnetic resonance
contrast agents, and magnetorelaxometry. In each of these applications, a specific physical property is measured. Magnetorelaxometry relies on the fact that when
MNPs are magnetized they can relax by the Brownian and Néel mechanisms. Both mechanisms depend on the MNP size and for certain conditions can have a faster
relaxation through the Brownian, compared to the Néel, mechanism. This can be exploited to target cells. For certain sizes, when an MNP is free to rotate in the
biological fluids, they will relax faster than when attached to a cell. This can provide a high contrast for detection of magnetically-labelled cancer cells, making it
possible to differentiate normal from cancer tissue. Until very recently SQUIDs were the main detectors employed to measure MNPs, but Optically Pumped
Magnetometers (OPM) are now an attractive alternative. OPMs are smaller, do not need liquid helium, and are simpler to operate than SQUIDs. Here, we present the
initial steps of the development of an OPM-based instrument to measure relaxation of MNP in vitro.

1. Introduction

Over the last few decades, magnetic nanoparticles (MNPs) have
proven to be a major advance in several areas of biomedical and clinical
research [1,2]. Due to their intrinsic properties, it is possible to char-
acterize and monitor these materials using magnetic fields and mag-
netic field detectors. In order to increase the applicability of MNPs,
several magnetic techniques have been developed and applied, such as
magnetic particle imaging (MPI) [3,4], magnetic resonance imaging
(MRI) [5,6], AC biosusceptometry [7–10], fluxgate [11,12] and super-
conducting quantum interference device (SQUID) [13–15]. Each of
these techniques relies on one or more specific physical properties of
the MNPs. The MPI system takes advantage of the fact that the MNPs
have a nonlinear magnetization behavior, which provides harmonic
signals that can be used to track the particles in vivo. MRI can use the
particles as T1 and T2 contrast agents, where the MNPs change the
proton relaxation of the tissue around them. AC biosusceptometry ex-
ploits the MNPs magnetic susceptibility to determine the fate of the
particles in both ex vivo and in vivo situations. Fluxgates and SQUIDs
have been used to detect the magnetization of MNPs after a brief ex-
posure to a magnetizing field. Due to their high sensitivity and accu-
racy, SQUIDs have been employed in several MNPs studies for both in
vitro and in vivo models and have been the most widely used detectors

for magnetorelaxometry (MRX) studies [16,17].
MRX detects the time dependent relaxation of MNPs by Brownian

and Néel mechanisms, after a brief magnetization pulse [17,18].
Brownian relaxation relies on the physical rotation of the nanoparticle
in the fluid medium, whereas Néel relaxation is based on the direction
change of the magnetic moment relative to the crystal orientation. Both
mechanisms depend on the MNP size and, for certain sizes, one can
have a faster relaxation by Brownian when compared to Néel me-
chanism. Thus, this property can be applied to study MNP character-
istics [19–21], their environment [22], immunoassays [23–25], specific
cells and tissues labeled by MNPs [26], and, most recently, to perform
MNP biodistribution imaging in vivo [14,27]. There are also other
possibilities under investigation that can be combined with MRX, such
as magnetic hyperthermia, drug delivery, cell separation, MRI, and MPI
studies.

Various experimental techniques have been used for MRX studies.
Fluxgate detectors [12,28] were used initially, but since the early 90′s
SQUIDs are the main detectors employed. Improvements have been
made to increase the SQUIDs performance in systems dedicated to
MRX. Matz and co-workers developed a SQUID system with improved
geometry and electronics for MRX immunoassays [24]. In order to
observe the Brownian relaxation in the time domain, Haller and co-
workers used coupled read-out electronics and a flux-locked loop to
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decrease the SQUID dead time after the magnetizing pulse [29]. Other
improvements for specific applications were made, such as the use of
integrated planar LTS-SQUID gradiometers to allow the study of larger
objects in disturbed environments [30] and the adaptation of an mag-
netoencephalography SQUID system for in vivo MRX [31].

Recently, a new class of high sensitivity magnetometers has been
developed and utilized for MRX studies [16]. Atomic magnetometers,
also known as optically pumped magnetometers (OPMs), have seen
major improvements in the past few years [32]. OPM sensors with chip-
scale dimensions were developed by the National Institute of Standards
and Technology (NIST) and have demonstrated sensitivities below 200
fT/Hz1/2 [32]. These magnetometers have been applied to fetal mag-
netocardiography [33,34] and magnetoencephalography studies
[35,36]. This new class of atomic magnetometers have significant ad-
vantages over SQUID systems. These include lower-power operation,
cryogen-free operation, low-cost manufacturing, smaller dimensions,
and closer proximity to the magnetic field source [32].

Here we describe the construction of an instrument to be used for
MRX in vitro studies. To build the system we employed two off-the-shelf
OPM sensors (QuSpin Inc., Louisville, Colorado, USA) and a small
magnetically-shielded cylindrical chamber. The use of two sensors al-
lows the subtraction of the residual environmental noise from a re-
ference signal in order to increase the signal-to-noise ratio. The di-
mensions of the experimental setup allow the entire system to be small
and portable, which can help MRX immunoassays achieve widespread
use.

2. Materials and methods

2.1. Description of the set up

Two OPMs were assembled in an axial configuration and were or-
iented in opposite directions. The one closest to the sample was called
the master sensor and other was called the slave sensor. A 3D printed
plastic holder was produced so that the OPMs could be inserted into
rectangular openings at the end. In the central region between them, a
sample holder was placed together with a pair of circular coils. A small
slanted opening on the left side of the holder (Fig. 1A) allowed insertion
of the sample close to the OPM at the right of the holder. A flexible
plastic tube served as a guide for the sample that was pushed from the
outside through a flexible PVC rod with a sample chamber at the end.
The whole set up was placed inside a small, cylindrical magnetically-
shield enclosure (Zero Gauss Chamber, Magnetic Shield Corporation,
ZG 206) with internal diameter of 152mm, inside depth 381mm,
outside diameter 210mm. The shield incorporated 3 layers of high
permeability material with thickness 0.64mm, producing an attenua-
tion factor for static fields of about 1,500. Since the local earth́s field is
20 μT this shielding gives a residual magnetic field inside the chamber
of around 10 nT. The plastic tube guide and sample holder allowed easy
sample changes without having to open the chamber every time a new
sample was studied. The samples were inserted in hematocrit glass
tubes having 1mm internal diameter. Some samples were in the liquid
state and others were immobilized by absorption onto a paper filter.
The tubes were sealed at one end using dental mold wax and at the
other by heat.

The OPMs used in this work are magnetometers. Samples were
placed in the sample holder and positioned inside the system. Magnetic
pulses were applied, and the relaxation signal was acquired in both
OPMs. All signals were acquired and low-pass filtered by the OPM
electronics with 150 Hz cut-off frequency. Following the signal re-
cording, an off-line gradiometer software was designed to subtract one
OPM signal from the other.

2.2. Magnetizing circuit

Fig. 2 shows the wiring diagram of the circuit used to apply the

current pulse to the two five-turn, 1 cm diameter coils. It is powered
with a 12 V battery and switched on and off with a relay. The 1Ω re-
sistor controls the current intensity. A flyback diode prevents the circuit
from ringing. The inverting switch allows us to apply pulses with dif-
ferent polarities and can be used to average measurements and cancel
any remnant magnetization induced in the sample. The single-pole
double-throw switch is used to commute the coils from a simple cen-
tered coil to a Helmholtz configuration. The single coil configuration is
at equal distance from each OPM and, when excited, the response of the
OPMs can be recorded and differences in sensitivities can be accounted
for when composing the software gradiometer. With the present set up
a magnetizing field pulse of 9 mT amplitude can be applied to the
sample.

2.3. Nanoparticles:

Three different nanoparticle types were used: Chemicell fluidMAG-
Chitosan with diameter 2 μm, Precision MRX with diameter 25 nm, and
magnetic nanoparticles synthesized in our laboratory.

Magnetic nanoparticles (Fe3O4) were synthesized in our laboratory
by a simple co-precipitation method at mild temperature. Briefly,

Fig. 1. (a) Schematic of the 3D-printed holder for the OPMs showing the
opening to insert the sample. (b) Picture of the complete set up for insertion in
the magnetic enclosure, with the magnetizing coils at right, flexible plastic tube
to guide the sample into position. The external rims are opened and allows air
circulation in the magnetically shielded chamber.

Fig. 2. Circuit diagram for the magnetization of the sample.
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0.337 g of iron (III) chloride (FeCl3·6H2O) was dissolved in 12.5 ml
distilled water. Then, 0.198 g of iron (II) chloride (FeCl2·4H2O) was
dissolved in a 5ml water solution of hydrochloride acid (2.725M).
Next, the mixture of iron (III) chloride (4ml) and iron (II) chloride
(1ml) was rapidly added to NH4OH water solution (1.28M) at 90 °C
with vigorous stirring. The color of the solution changed immediately to
black, indicating the formation of magnetite nanoparticles (Fe3O4). To
prevent agglomeration, magnetic nanoparticles were kept in an ultra-
sonic bath for one hour. Finally, MNPs were magnetically separated and
after 4 times washing with deionized water, MNPs were dried in an
oven at 32 °C.

A Transmission Electron Microscopy (TEM) image of MNPs is shown
in Fig. 3. It shows that the nanoparticles are nearly spherical.

Fig. 4 shows the x-ray diffraction pattern (XRD) of the MNPs. XRD
patterns of the synthesized MNPs reveal diffraction peaks at (1 1 1),
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) which are the char-
acteristic peaks of the pure magnetite (Fe3O4) with a cubic spinel
structure (JCPDS database) [37]. The calculation of the size of the

magnetic nanoparticle was carried out using Scherrer’s equation. The
calculations result showed that the particle size was 9 nm. Transmission
scanning microscopy was also performed and confirmed this average
diameter. However, these MNPs have a wide diameter distribution,
reaching diameters of 25 nm.

Fig. 5 shows the magnetization curve of the magnetic nanoparticles
obtained using a Hall probe magnetometer developed by Araujo and co-
workers [38]. The data indicates immeasurably small values of coer-
civity field and remnant magnetization. It shows that the synthesized
particles exhibit superparamagnetic properties at room temperature.
The saturation magnetization of the nanoparticles was found to be
57 Am2/kg (emu/g).

2.4. Data analysis

All raw signals were processed using Origin Microcal plotting soft-
ware. The fitting of experimental transient data is a difficult task. Flynn
and Bryant [31] used a complex function containing a DC term, one
logarithmic function to account for Neel relaxation, one exponential for
Brownian relaxation, and a sinusoidal function for the applied pulse.
We decided to try an empirical function containing a constant term and
two exponentials:

= + +
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t

τ
t

τ0 1 21 2 (1)

In this equation, a0 represents an arbitrary (offset) static field and
the other two terms represent the Neel relaxation and the instrumental
contribution. This simple model concentrates in the instrumental con-
tribution everything that is not related to MNP relaxation. This is an
empirical equation, and to separate each contribution to the instru-
mental contribution requires designing specific experiments.

The first-order gradiometer software was constructed by following
two steps. The first step was to remove the static magnetic field com-
ponent by subtracting the signal from the baseline before the pulse. The
second part was to subtract the slave signal from the master signal. The
exponential fit was applied to the resulting signal.

3. Results and discussion

Fig. 6 shows the noise level of the OPMs inside the small shielding
enclosure. The noise floor was 30 fT/(Hz)1/2. Residual interferences at
60 Hz and other frequencies are also present.

Fig. 7 shows the temporal response of the OPMs. Once the OPMs can

Fig. 3. TEM image of the magnetic nanoparticle synthesized.
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Fig. 4. X-ray diffraction pattern of the magnetic nanoparticle synthesized in our
laboratory.
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Fig. 5. Magnetization curve of the homemade magnetic nanoparticles mea-
sured with a Hall probe magnetometer.
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saturate with the magnetizing pulses above 5 nT, there is a dead time
during which the OPMs recover from the magnetizing pulse and cannot
detect the MNP signal. To measure the dead time another coil was
placed inside the magnetic shielding and driven with a 10 Hz sinusoidal
signal of low amplitude. The dead time was measured from the end of
the applied pulse to the beginning of the recuperation of the sinusoidal
signal and was estimated to be 15ms. The applied pulse is strong en-
ough to saturate the OPM sensor, so the signal is zero in the first part of
the tracing.

The first-order gradiometer was used to decrease the OPM signal
noise. Fig. 8 shows the signals from the master and slave sensors and
the resulting first-order gradiometer signal.

The first relaxation measurements performed were done with MNPs
in solution. Large MNPs and viscous fluids were used to produce re-
laxation times τ compatible with the time window of our instrument.
When particles are free to move the relaxation is dominated by
Brownian motion and we have:

=τ
ηπr
k T

4
B

B

3

where r is the radius of the MNP, η is the viscosity, kB is the Boltzmann

constant, and T the temperature.
Fig. 9 shows the measurements obtained with the fluidMAG-Chit-

osan MNPs with the two OPMs forming an off-line software gradi-
ometer.

Using a time constant of 1.26 s, found by the double exponential fit,
and assuming the viscosity is the same as that of water, we get a radius
of r= 0.77 μm. A dynamical light scattering (DLS) measurement made
immediately after the measurement gave a radius of r= 0.81 μm, in
excellent agreement.

In another experiment we used the MRX-MNP and measured the
relaxation with the particles in fluid and fixed in paper filter. The re-
sults can be seen in Fig. 10. As expected, for the samples dispersed in
the liquid the MNPs relaxed rapidly due to Brownian motion and did
not give a measurable signal. However, when they were fixed in the
paper filter the only way for them to relax would be by Néel relaxation,
and a relaxation curve could be measured. The Néel relaxation is given
by the following expression:

=τ τ eN 0
KV
kT

where τ0 is usually assumed to be 1 ns–0.1 ns, K is the effective aniso-
tropy energy density of the magnetic material and V is the volume of
the magnetic particle [39]. Using K=1.35 104 Jm−3, T= 300 K, and a

Fig. 6. Noise spectra of the OPMs inside the small magnetic enclosure. A noise
floor of 30 fT was obtained with residual fields at 60 Hz and other frequencies.

Fig. 7. Magnetic field measured by the OPM produced by an oscillatory signal
in the presence of the magnetizing magnetic pulse. The dead time was esti-
mated from the end of the applied pulse and the beginning of the recuperation
of the sinusoidal.

Fig. 8. Master and slave sensors signals and the resulting first-order gradi-
ometer signal. The sample was 4 μl MRX-MNP in solvent.

Fig. 9. Representative plot of the signal versus time obtained from for the
fluidMAG-Chitosan MNP. The data was fitted to Eq. (1), yielding a0= 24pT,
a1= 361pT, a2= 2155pT, τ1=13 s, and τ2=1.26 s. The
coefficient of determination, R2, was 0.995.
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diameter of 25 nm the relaxation times are 1–2 s.
The data show τ=1–2 s, in good agreement with our expectation

for these particles. The original samples were diluted, and measure-
ments were performed to produce a calibration curve of signal intensity
versus concentration (Fig. 11).

Finally, we decided to test also the homemade NRL-MNPs. Although
they have a wide dispersion of diameters and most will not give a Neel
relaxation in the range of time that can be measured by our in-
strumentation, they can still serve as a useful test of the system. The
relaxation curves were similar to those observed for the other samples.
The calibration curve is shown in Fig. 12. It can be seen that the amount
of mass necessary to produce a detectable MRX signal is about 50 times
higher than that needed for the PrecisionMRX MNPs, which have a
dispersion of only 1 nm around its mean value of 25 nm.

4. Conclusions

We demonstrated, for the first time, the use of an off-the-shelf OPM
magnetometer for MRX studies. The OPM-based system we developed
was able to detect relaxation in several different types of MNPs. The

results showed good agreement with the DLS data. Using the sample
positioning rod, we were able to decrease the time between the mea-
surements. The entire system has small dimensions, which improved its
portability. In summary, using readily available components we de-
veloped a system to perform fast and precise MRX measurements. This
can potentially lead to increased use of MXP for research and clinical
applications.
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