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ABSTRACT

Structural properties of iron-oxide nanoparticles deeply affect their magnetic performance in many applications such as with superparamagnetic
relaxometry, when employed as cell-targeted magnetic nanoparticles for in vivo diagnostics. In this work, we present a detailed characterization
of model nanoparticles for this application, with an average size of � 25 nm and a narrow size dispersion (σ , 7%). Considering the intrinsic
structural properties of these model nanoparticles, the study of temperature dependence and correlation between dc-magnetization and super-
conducting quantum interference detector-relaxometry are discussed based on known theoretical predictions and computer simulations of the
magnetic dipole moment and characteristic decay constants. Furthermore, computer simulations provide support in clarifying how important
the overall collective magnetization is affected by particle size dispersion, which has a direct role on sustaining the magnetic relaxation signal in
the temperature range required in preclinical and clinical settings.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131012

I. INTRODUCTION

Superparamagnetic relaxometry (SPMR) is a form of magnetic
relaxometry (MRX) involving the unique properties of superpara-
magnetic nanoparticles (NPs).1–3 Application of SPMR is used for
the detection and localization of biological samples including dis-
eases such as cancer, where high specificity is achieved by the con-
jugation of targeting antibodies (Abs) to the magnetic NPs.4–7

High sensitivity requires low magnetic field sensors such as super-
conducting quantum interference detectors (SQUIDs) for the
detection of cells labeled with magnetic NPs. Thus, mapping the
magnetic fields emitted by polarized sources provides images of
the sources by solving the inverse problem.3,7,8 Iron-oxide magne-
tite (Fe3O4) is an ideal material for the NPs due to its low toxicity
and strong magnetic properties.9,10 To optimize performance of
iron-oxide NPs in MRX applications, as well as in new technologi-
cal areas, one important factor to consider is reliable fine control
and tuning of NP size and structural properties.11–13 Several basic

and applied scientific studies have been reported since the pioneer
works of Dormann–Bessais–Fiorani14–18 and Hansen–Mørup19,20 on
the magnetic relaxation of fine-particle systems evaluated on differ-
ent measuring time/frequency windows. In spite of providing a con-
tradictory interpretation on the effect of interparticle interactions,
these two pioneer works described in detail the contributions of par-
ticle size dispersion, temperature, and effective anisotropy energy on
the individual and collective superspin-glass magnetization.14,20,21 In
addition to these contributions, interactions in magnetic nanostruc-
ture systems are difficult to address in real systems. Several experi-
mental results have been obtained in the last 50 years, but few
theoretical approaches have been developed to account for these
extremely complex systems. Due to the intrinsic anisotropic charac-
ter of dipole–dipole interaction and random spatial arrangement of
particles, magnetic relaxation properties have been studied at differ-
ent concentrations of dipolar interacting nanoparticles based on phe-
nomenological models, such as Vogel–Fulcher and power laws
coming from the spin-glass literature.22,23 In addition, two criteria
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have often been used for comparing the frequency (ν) dependence
of blocking temperature (TB), namely, C1 ¼ ΔTB

TBΔ log10 ν
, independent of

any model, and C2 ¼ TB�T0
TB

, where T0 is the characteristic tempera-
ture of the Vogel–Fulcher law (this law is phenomenological and
without any meaning near T0, but C2 can be useful for comparing
the TB trends among different systems of nanoparticles).13

To characterize the superspin-glass phase and relaxation time
spectrum of highly concentrated ferrofluid systems, ac dynamic mag-
netic susceptibility and thermoremanent responses of iron-oxide
nanoparticles were studied by Parker et al.,24 where it was found that
the scaling laws normally applied to atomic spin glasses are also valid
for these superspin-glass samples, with a good agreement between the
scaling parameters for the ac and dc relaxation curves. More recently,
Lebedev et al.25 studied the field amplitude dependence of the suscept-
ibility at a frequency up to 27 kHz, where the results showed that the
susceptibility dispersion at frequencies up to 10 kHz is due to the rota-
tional diffusion of colloidal particles and aggregates, with a contribu-
tion of clusters to the low-frequency susceptibility reaching 80%.

Specifically in the field of SPMR, where the magnetic field is
pulsed and magnetization measured in the zero field, the influence
of the dipole–dipole interaction in MRX measurements was
recently studied by computational methods. Laslett et al.26 applied
a semianalytical formalism for a systematic analysis of dipolar
interaction effects on the long-time magnetization decay in clusters
of single domain nanoparticles, where applying the Néel–Arrhenius
thermal activation picture shows that the magnetization decay gener-
ally follows stretched exponential behavior, dependent not only on
the dipolar interaction strength and geometry of particle arrange-
ment within clusters, but also on the field history applied during the
initialization. Leliaert et al.27 employed a first principles numerical
model to simulate the MRX signal starting from nanoparticle mate-
rial parameters and their size distribution, where it was determined
that for iron concentrations higher than 100mmol/l, the dipolar
interactions affect the MRX curve and decrease the relaxation time
constant. Furthermore, an estimate of the Gilbert damping parameter
was obtained by comparison to a MRX measurement of iron oxide
nanoparticles of 19 nm, suggesting a value of 0.001 (value consider-
ably lower than the bulk value of 0.07).

In an effort to better understand this complex issue in dc
magnetization and thermoremanent response, an alternative study
took into account dipolar interactions by introducing a phenome-
nological temperature, T*, in the argument of the Langevin func-
tion, which has been known as the T* model.28 This assumption
considers that dipolar interactions tend to increase the orientational
disorder of the magnetic moments, so that thermal agitation would
be somewhat enhanced owing to dipolar interactions. It is impor-
tant to mention that this dc magnetization model is phenomeno-
logical and applicable in the superparamagnetic regime phase.28–30

This model was previously applied in the superparamagnetic regime of
monodisperse iron-oxide nanoparticles embedded in polymer matrices
at different concentrations,29 where it was possible to correlate and map
accurately the effective dc magnetization (M) as a function of the tem-
perature (T) and magnetic field strength (H). This is convenient in
SPMR calculations, where the obtained values of M(H,T) from this
Langevin corrected model could serve as an input for the initial state of
magnetization after magnetic pulse stimulus in MRX measurements,
improving the accuracy of the SPMR calculations.

The temperature effect on the time-magnetic relaxation response
of individual as well as a collective system of NPs plays an important
role in many applications, and this is more critical in SPMR.2,3

For example, following the Néel relaxation-Arrhenius law31 in a
model system of monodisperse iron-oxide NPs with size of
D ¼ 25 nm and anisotropy constant of K ¼ 1:24� 105 erg/cm3

[τ ¼ 10�10exp((K π
6D

3)=kBT)), where kB is the Boltzman constant
and T is the temperature], a characteristic decay constant of 4.4 s is
theoretically calculated at 300 K, whereas this value drops to 0.45 s at
330 K. This theoretical sharp variation of the decay constant of NPs
in a very short temperature range has important implications, where
a slight temperature drift can lead to undetectable SPMR signal.
Therefore, in the case of MRX instruments optimized to operate at
maximum sensitivity in a very specific narrow measurement-time
window and using samples of iron-oxide nanoparticles with a mean
size of � 25 nm, the particle size dispersion (σ) is an important
parameter to ensure stable and comparable SPMR signals across
various study conditions, such as in vitro assays, ex vivo tissues,
in vivo animal studies, and in vivo clinical studies, where the tempera-
tures in each scenario are not the same.32

Although considerable success for SPMR in cancer research has
been achieved, SPMR is limited by the quality of the structural proper-
ties of the superparamagnetic NPs.3,33 Over the past few years different
commercial lots of iron-oxide nanoparticles from different vendors
have been routinely tested in SPMR in our laboratories, and the incon-
sistency of their magnetic response was a typical problem, even
observed with significant batch-to-batch variation from the same
vendor.3,33,34 Therefore, high-quality standard colloidal and stable iron-
oxide nanoparticles with the desired magnetic response are critical in
this application, where systematic optimization of NP parameters must
be focused on SPMR outcome signal response. With the aim to tackle
this gap, we developed model iron-oxide nanoparticles to achieve these
exigencies. One of our goals is to develop SQUID-relaxometry as a
noninvasive method for the detection of specific cancers.7 With this in
mind, in clinical applications the Ab-conjugated nanoparticles must be
able to achieve maximum specificity and sensitivity.3 Briefly,
maximum specificity is related to optimal selection of the antibody, or
ligand, for cancer cell phenotype being targeted (with minimal off-
target interaction with noncancer cells). Maximum sensitivity can be
achieved first by engineering optimization of the MRX instrument,
and secondly by nanoparticle optimization of their magnetic moment
per cell, which consists of maximizing the magnetic moment per NP
and maximizing the number of NPs per cell.

In this paper, we present evidence of the optimal size dispersion
and magnetic properties of iron-oxide nanoparticles best suited to
achieve maximal performance in SPMR characterization in the tem-
perature range of this application. In addition to SPMR characteriza-
tion, we performed standard SQUID dc-magnetometry, transmission
electron microscopy (TEM), Small-Angle X-ray Scattering (SAXS),
zeta-potential analysis, and dynamic light scattering (DLS). While
the measurement time scale of SPMR is sensitive to a narrow size
distribution of superparamagnetic particles, SQUID-magnetometry
is sensitive to all unblocked (superparamagnetic) and blocked/
magnetic-memory particles with relaxation time below � 100 s,
enabling a more complete magnetic characterization of the nanoparti-
cle ensemble. Computer simulations were carried out to model the
magnetic response of NPs in SPMR stimulus conditions. Based on
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the superparamagnetic model with dipole–dipole interaction, com-
puter simulations provide quantitative correlation between SQUID
dc-magnetometry and SPMR measurements as well as enable the
evaluation of dipole–dipole interaction contribution. The effect of the
measurement-time conditions on the collective decay constants and
magnetic dipole strength as a function of the temperature provides
important insights as well in future size-based multiplexing SPMR of
multiple NPs involved in a single experiment.35

II. EXPERIMENTAL

A. Iron-oxide nanoparticles

The iron-oxide nanoparticles used in these experiments are com-
mercially available with stealth and hydrodynamic properties that
mimic Ab-NPs and can be used as controls [Imagion Biosystems
PrecisionMRX® mPEG Coated nanoparticles (PrecisionMRX is a regis-
tered trademark of Imagion Biosystems Inc.)].36 These particles
consist of colloidal aqueous suspension of magnetic iron-oxide nano-
particles (Fe3O4), coated with methoxy-PEG-amine, 20 kDa (labeled
as PEG20k).37 The synthesis method was adapted from the pioneer
work of Sun et al.11,38 Briefly, colloidal iron-oxide NPs have been
obtained by thermal decomposition of Fe(acac)3 in solution in the
presence of a ligand (oleic acid), using standard airless procedures and
commercially available reagents. As it was discussed elsewhere, this
synthesis route leads to a majority structural phase of iron-oxide mag-
netite (Fe3O4).

38–40

B. Structural characterization and dc-magnetometry

Particle morphology was analyzed by a transmission electron
microscope (JEOL 1200EX). To obtain an accurate particle size dis-
tribution, SAXS experiments were performed at the Materials
Research Laboratory/University of California Santa Barbara, using
a 50 μm microfocus Cu target x-ray source with a parallel beam
multilayer optics and monochromator (Genix from XENOCS SA,
France), a high efficiency scatterless hybrid slits collimator, and an
Eiger 1M solid state detector (Dectris, Switzerland) located 1.72 m
from the sample.

The iron concentration (mg[Fe]/ml) of the stock solution was
determined destructively by dissolving in acid, forming the phe-
nanthroline/Fe2þ complex, and then quantifying the concentration
of a known dilution spectrophotometrically.41

Dynamic light scattering (DLS) and zeta-potential
(ζ-potential) measurements were also performed using a Malvern
Zetasizer Nano ZS. The Z-size hydrodynamic parameter is
obtained by the DLS technique (applicable to particles in colloidal
suspension), which measures Brownian motion and relates this to
the size of the particles. The ζ-potential parameter reflects the
effective charge on the particle and is therefore related to the parti-
cle–particle electrostatic repulsion in colloidal suspension. These
parameters have proven to be relevant in a quality control setting
as it is defined in ISO 13321/22412.

The dc-magnetic properties were measured using a commer-
cial PPMS Dynacool/Vibrating Sample Magnetometer (VSM) from
Quantum Design (Gaussian units and cgs emu), in a temperature
range of T ¼ 4�300K and a field strength of up to H + 30 kOe
(temperature stability better than 0:5%).

C. MRX measurement method

The basic mechanism of the SPMR measurement has been
published elsewhere.33,42,43 Using SQUIDs (which are sensitive
detectors of time-varying magnetic fields) and analytical algo-
rithms, it is possible to solve the inverse problem of mapping the
location of the magnetic dipoles.44 Relaxometry enables the detec-
tion of nanoparticles in a stationary sample; the time-varying field
is created by briefly magnetizing the nanoparticles using a pulsed
dc-field and then allowing the nanoparticle magnetization to relax
in zero applied field. This magnetic relaxation can take place by
one of two mechanisms: (1) by Brownian motion of unbound par-
ticles or (2) by the Néel relaxation of particles bound to tumor cells
or bound particles, whereby relaxation occurs by reorientation of
the electron orbits. As described above, due to this SPMR optimiza-
tion measurement condition using a specific narrow time-acquisition
window, maximum signal strength will be expected for NP size in
the range of � 25 nm. Thus, for 25 nm magnetite (Fe3O4) nanopar-
ticles in a physiological medium, these processes occur on substan-
tially different time scales. The Brownian relaxation of unbound
particles takes place during the dead-time, and they are not detected;
conversely, the Néel relaxation of bound nanoparticles takes place
during the measurement window (0.08–3 s). The significance of this
phenomenon is that bound nanoparticles can be distinguished from
unbound nanoparticles in vivo and in vitro.3,33

SQUID-relaxometry of NPs was performed using a BTi eight-
channel gradiometer arrangement consisting of seven second order
axial gradiometers with a baseline of 4 cm.45 Second order gradi-
ometers are used because the MRX instrument is intended to
operate in an unshielded environment. Supracon SQUIDs were
added to the arrangement and controlled by Star Cryoelectronics
equipment. The SQUID probe is contained in a liquid helium
Dewar, and integrated into a magnetic relaxometry research
Instrument (MRX instrument). The SQUID array geometry is
designed around a central vertically positioned gradiometer and six
equally spaced gradiometers located on a 2.15 cm radius circle,
where the diameter of each gradiometer is 1.8 cm. The gradiometer
array is located at the bottom of a liquid He Dewar. The spacing
between the bottom of the gradiometers and the bottom of the
vacuum vessel (room temperature) is 1.9 cm.

The MRX instrument includes a Helmholtz excitation coil
configuration to magnetize samples uniformly and parallel to the
center gradiometer axis. The 60 cm-square Helmholtz array is
powered by a 3 kW current-regulated power supply. The decaying
magnetization is sampled at a rate of 1 kHz after a short dead-time
and digitized using a National Instruments PXI8336 16-channel
digitizer and LabVIEW 8.5.1 acquisition software. Our standard
measurement protocol is to pulse a dc 60 Oe field for 750 ms and
then acquire data for 2.17 s after the dead-time (in a total elapsed
time of 3 s window experiment). This is repeated 30 times to
collect a total of 30 pulse measurements. The 30 pulse measure-
ments are then averaged together to improve signal-to-noise. Data
are processed using an in-house software developed and optimized
for this particular application,32 with additional enhancements. The
average value for pulse measurement is set to zero to remove the dc
offset, and the pulse measurement is filtered to remove 60 Hz line
frequency noise. After rejecting measurements greater than two
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standard deviations from the average, the remaining pulses are then
reaveraged to obtain the measurement result. This rejecting helps
remove aberrant magnetic changes such as far field disturbances.
This preprocessing is done on both a background (no sample) mea-
surement and then each sample measurement. The background
signal, primarily caused by the magnetic relaxation from the
building-structure, is subtracted from the sample signal. In order to
solve the inverse problem, the spatial dependence of the magnetic
field is adjusted by modeling the sample as a single magnetic
dipole (point source), which allows us to determine the location
(x, y, z) and the magnetic moment (mz) of the source. It is
assumed that the magnetic vector points along the ẑ axis, the direc-
tion of the magnetizing field. The least squares fit is performed
using the Levenberg-Marquardt algorithm. In order to not have the
solution be in local minima, an automated multistart approach is
used to find the best fitting solution.46

To obtain the desired Néel relaxation of the nanoparticles, the
particles must be immobilized. This is performed by preparing the
samples in the following condition: a stock solution of colloidal
NPs at 0.5 mg/ml (Fe3O4) is prepared, where the Fe3O4 yield is
previously confirmed by the iron concentration method mentioned
above. Different volumes of the stock solution are transferred to
cotton swabs (Unilever, Trumball, CT, USA) and allowed to dry at
room temperature overnight. For example, a mass of 2 μg Fe3O4 is
obtained by aspirating 4 μl of the stock solution into one cotton
swab, whereas 20 μg Fe3O4 is obtained by aspirating 40 μl of the
stock solution into one cotton swab. Each sample is encapsulated
in a cylindrical PLA plastic holder with a diameter of 0.4 cm (PLA
stands for commercial Polylactic Acid, and the ratio between
sample holder diameter to gradiometer diameter is 0.2).

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 1 shows the typical TEM images [in (a) low- and (b)
high-magnification] of colloidal iron-oxide PrecisionMRX nano-
particles, where particles evidenced a polycrystalline order with
homogeneous spherical shape. Experimental SAXS pattern and
GNOM computer analysis47 were used to obtain the average and
dispersion of the core-size distribution [Fig. 1(c)], where the char-
acteristic sharp oscillations of the scattering intensity are a direct
proof of the high monodisperse quality of these particles (small
variations in particle size and shape will quickly wash out the oscil-
lations in SAXS). Thus, the amplitude of the oscillations allows the
determination of particle size and size distribution with greater
confidence than any other structural technique. Assuming a poly-
disperse system of solid spheres, a mean core particle size diameter
of 24.2 nm and Standard Deviation of +1:3 nm (σ ¼ 5:3%) were
obtained. Due to the high monodisperse quality of these particles,
the average size and dispersion values obtained from SAXS and
TEM are in a very good agreement (TEM histogram data not
shown). Table I summarizes the structural distribution parameters
determined by SAXS/GNOM analysis.

The colloidal PEG20k coated NPs were measured by Dynamic
Light Scattering as well as by ζ-potential (in HPLC water). The
Z-average size (Z-size), Polydispersity index (PdI), and ζ-potential
values are summarized in Table I. A Z-size of 92 nm and

ζ-potential of �15 mV at pH ¼ 9 are indicative of a thick coating
layer of PEG20k with a good cell stealth capacity. The PdI value
below 0.1 is indicative of highly monodisperse degree, where the
aggregates contribution can be neglected. This is an important
attribute since aggregates (particle-particle bound) can create a
false positive signal in SPMR where the goal is to distinguish
between Brownian (free rotor NP) and Néel (NP-to-tissue bound)
relaxation particles.

After magnetic measurements, the iron-oxide mass concentration
was systematically measured by the colorimetric iron assay technique,41

where the iron-oxide content calculation is based on the assumption
that all iron is presented in the form as magnetite (Fe3O4).

B. dc-magnetic properties

1. Temperature variation of dc-magnetization

Temperature variation magnetic measurements were carried
out following the standard protocol of Zero-Field-Cooling (ZFC)
and Field-Cooling (FC) conditions.29,30 ZFC data have been
acquired by cooling the sample (down to 4 K) in zero applied field
from a temperature above room-T (350 K), and then the magneti-
zation was measured stepwise at increasing temperature and with
small applied field (H ¼ 60 Oe). On the other hand, FC curve has

FIG. 1. (a) TEM images in low-magnification and (b) high-magnification of the
colloidal iron-oxide core NPs. (c) SAXS pattern (dotted points) and GNOM fit
(red line) obtained for the colloidal sample of iron-oxide PEG20k-NPs.
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been obtained by cooling the sample with the same applied field
(H ¼ 60 Oe) and measuring the magnetization stepwise at decreas-
ing temperatures.

Considering a noninteracting system of nanoparticles, the irre-
versibility temperature, Tirr , is defined as the highest blocking tem-
perature, TB, and it is the point where the ZFC and FC curves join
each other. TB is defined as the temperature at which the typical
relaxation time (τ) of a given particle becomes equal to the typical
measuring time τm [τ is described by the Néel–Brown expression,
τ ¼ τ0exp(EB=kBT), where in the current discussion τ0 ¼ 10�10 s is
used, EB ¼ KV and kBT is the thermal energy, V is the particle
volume, and K is the anisotropy constant for uniaxial anisotropy].
As a result, Tirr corresponds to the larger particles, with the highest
EB. For an assembly of polydisperse particles, T̂B, ÊB, and V̂ cor-
respond to the mean values, respectively. For T . Tirr , the mag-
netic measurements as a function of the magnetic field [M(H)]
do not show hysteresis (unblocked regime), whereas for T , Tirr

a hysteretic/magnetic-memory trend occurs.
Figure 2 shows the standard magnetization ZFC-FC curves

of the iron-oxide NPs, where from the ZFC curve, a sharp increase
of the magnetization above 150 K is observed, reaching a magneti-
zation value of � 18 emu/g at T ¼ 300 K (H ¼ 60 Oe). Due to the
intrinsic particle size and effective anisotropy, at room-T nearly
92% of the NPs are in the unblocked regime (this is compared
against their full respective FC-magnetization, Fig. 2 vertical dotted
line). In addition, the shape of the FC curve is suggesting that
dipole–dipole interaction cannot be neglected. Typically, the FC
magnetization curvature in the irreversibility region (T , TB) qual-
itatively marks the strength of interparticle interaction, diminishing
its relative height with respect to the maximum of the ZFC curve as
the dipole–dipole interaction increases.29

2. Magnetic field variation of dc-magnetization

The saturation magnetization of the superparamagnetic NPs
(MS) was estimated from the adjusted dc-magnetization against
field curve at T ¼ 300 K. Figure 3(a) shows the dc-magnetic

hysteresis loop (MHL) at T ¼ 300 K, where at first glance a pure
characteristic superparamagnetic response is observed (maximum
field, H ¼ +30 kOe). However, as it will be discussed below, due
to the moderate dipole–dipole interaction and contribution of
bigger particle sizes from the particle-distribution, a low coercive
field of HC � 6 Oe was observed.

The dc-magnetization against field curve was computer
simulated using the corrected Langevin distribution formula at
TrT ¼ 300 K, plus a paramagnetic linear term as29

M(H)
���
T¼TrT

¼ MS

ð1
0
f3f (f)L(x)dfþ χPH, (1)

where χP is the paramagnetic linear susceptibility constant, H is the
magnetic field, f is the reduced particle diameter f ¼ D=D̂ (D̂ is
the mean particle diameter), f (f) is the Gaussian distribution

FIG. 2. ZFC-FC magnetization curves of the PEG20k-NPs, performed at
H ¼ 60 Oe. The dotted vertical arrow line indicates the difference between the FC
and FC magnetization curves at T ¼ 300 K, corresponding to a gap of �8%.

TABLE I. Structural, dc-magnetometry, and MRX–magnetic relaxometry parameters calculated for the PrecisionMRX nanoparticles: iron-oxide (Fe3O4) core coated, 20 kDa
PEG. Magnetic properties in cgs (second column) and SI (third column) units. Note: Tesla, 1 T = 10 000 Oe.

SAXS structural properties Mean, D̂ ¼ 24:2 nm
(core iron-oxide NPs) σ ± 1.3 nm (5.3%)
Dynamic light scattering Z�size ¼ 92 nm
(20 kDa PEG coated nanoparticles) PdI = 0.08

ζ =−15 mV at pH = 9
dc-magnetometry Mmax = 70.5 emu/g (at 30 kOe) Mmax = 70.5 J/Tkg (at 3 T)
cgs—SI MS = 66 emu/g (T* = 2500 K) MS = 66 J/Tkg (T* = 2500 K)

χ = 0.00035 cm3/g χ = 4.4 × 10−6 m3/kg
HC = 310 Oe (at 4 K) HC = 31 mT (at 4 K)
HC = 6 Oe (at 300 K) HC = 0.6 mT (at 300 K)

K = 1.24 × 105 erg/cm3; TB = 310 K K = 1.24 × 104 J/m3; TB = 310 K
MRX magnetic relaxometry MRX�moment ¼ (4+ 0:3) emu/g MRX�moment ¼ (4+ 0:3) nJ/Tμg
cgs—SI τshort = 151ms; τlong = 1.14 s

K = 1.10 × 105 erg/cm3 K ¼ 1:10� 104 J/m3

ΔEB = 1.04 × 10−13 erg (ΔEBkB
¼ 753 K) ΔEB = 1.04 × 10−11 nJ
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function defined as (A is the normalization constant and σ is the
standard deviation)

f (f) ¼ A exp � (f� 1)2

2σ2

� �
, (2)

and L(x) is the Langevin function defined as coth(x)� 1=x where

x ¼ μ̂f3

kB

H
(TrT þ T*)

, (3)

μ̂ is the average magnetic moment defined as μ̂ ¼ MSδ π
6 D̂

3,
δ ¼ 5:18 g/cm3 is the magnetite density, kB is the Boltzmann cons-
tant, and T* is the fitting parameter related to the root mean
square (rms) dipolar energy.29 Therefore, the parameters MS, T*,
and χP were adjusted in this calculation (SAXS mean size and stan-
dard deviation were used as fixed input parameters).

Figure 3(b) shows the detailed dc-magnetization vs field at
T ¼ 300 K (first quadrant), from H ¼ 0 Oe up to 12 kOe. It is
important to note that the total amount of iron-oxide was mea-
sured previously by colorimetric assay method,41 and this Fe3O4

mass value was used to normalize the magnetic signal. Thus, the
magnetic signal at maximum field of H ¼ 30 kOe was
Mmax ¼ 70:5 emu/g; corresponding to 77% of the reported value of
bulk magnetite at room-T (92 emu/g).48

As expected, the moderate dipole–dipole interaction as well as
the contribution of bigger particles can be neglected at high-H
range, where the superparamagnetic model can be satisfactory
applied using this Langevin distribution formula to estimate the
superparamagnetic MS value, whereas, at low-H range, a disagree-
ment was observed between the measured magnetic susceptibility
and the expected one from the pure computer simulated Langevin
distribution curve (T* ¼ 0 K). Figure 3(b) shows different com-
puter simulated curves using different T*-factors, where the best
overall fitting result was obtained for T* ¼ 2500 K, MS ¼ 66 emu/g,
and χP ¼ 3:510�4 cm3/g (or considering magnetite density,
δχP ¼ 0:001 813, dimensionless). The value of T* ¼ 2500 K corre-
sponds to the sum of all effective dipolar energy contributions. As
it will be discussed below, this value is in good agreement with the
theoretically expected one. Therefore, the difference between MS

and Mmax(H ¼ 30 kOe) is 6.4%. This small gap component is asso-
ciated mainly to the contribution of blocked bigger particles at
room-T, and it is in good agreement with the ZFC-FC magnetiza-
tion data above (Fig. 2).

Figure 4(a) shows a close-up of the MHLs up to +2 kOe,
measured at T ¼ 4 K, 50 K, 150 K, and 350 K. The temperature

FIG. 3. (a) Full dc-magnetic hysteresis loop at T ¼ 300 K, maximum field,
H ¼ +30 kOe; (b) first quadrant of the MHL from H ¼ 0 up to 12 kOe, super-
imposed with computer simulation curves of pure Langevin (T� ¼ 0 K), and
obtained at parameters of T� ¼ 1000 K, T� ¼ 2500 K, and T� ¼ 3000 K.

FIG. 4. (a) Magnetic hysteresis loops measured at low-temperature, T ¼ 4 K,
50 K, 150 K, and 350 K; (b) the temperature trends of Mmax (at H ¼ 30 kOe)
and the coercive field (HC inset shows the linear dependence with T0:5 in the
low temperature range).
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trends of the coercive field (HC) and Mmax (at H ¼ 30 kOe) values
are shown in Fig. 4(b). The shape of the hysteresis loops is in good
agreement with the expected trends of a single phase of iron-oxide
NPs, without the inhomogeneous internal structure (such as
core–shell nanoparticles), where magnetic glass frustration and
strong exchange core–shell interaction will lead to a more
complex wasp–waisted shape of hysteresis loops.29,30,40 As the
temperature increases [Fig. 4(b)], a monotonically drop of the
Mmax value is observed from 75.9 emu/g (T ¼ 4 K) to 68.0 emu/g
(T ¼ 350 K), corresponding to a drop on the magnetization in
10% of the maximum value. This smooth trend of the Mmax varia-
tion against T is reinforcing the fact of a pure superparamagnetic
trend, associated to single magnetic phase.12,29

The temperature variation of the coercive field is following the
T1=2-law with a maximum value of HC ¼ 310 Oe at T ¼ 4 K
[Fig. 4(b)], indicating a soft nanostructure magnetic material and
in good agreement with previous values reported for magnetite
(Fe3O4).

11,12 Assuming a system of identical noninteracting
particles with random anisotropy axes, the coercive field can be
expressed as29

HC ¼ 0:96
K
MS

1� T
TB

� �1=2
 !

, (4)

where TB is the effective blocking temperature. Thus, using the
high-field experimental data of HC values against temperature and
the effective MS value calculated above at room-T, the values of the
blocking temperature and effective anisotropy constant were calcu-
lated. It is important to remark that TB depends of the particular
measurement–time instrument condition, where in this case of
dc-magnetometer, the typical accepted measurement time window
is τm ¼ 100 s.

Table I summarizes the dc-magnetic properties of the studied
sample. These values are in good agreement with the expected ones
of polycrystalline magnetite nanoparticles.11–13,29,30

C. MRX-superparamagnetic relaxation

1. SPMR mass titration and MRX moment

The magnetic relaxation of bound nanoparticles was measured
in the MRX instrument, where only particles relaxing through
the Néel mechanism are detected.33,43 The Néel relaxation decay
constant is defined as3

τ ¼ τ0 exp
KV
kBT

� �
, (5)

where τ0 ¼ 10�10 s, KV is the energy barrier, K is the anisotropy
constant and V is the particle volume (π6D

3 ¼ π
6 D̂

3f3), kB is the
Boltzmann constant, and T is the temperature. Due to the sharp
exponential variation of the Néel relaxation time with size and tem-
perature, only a fraction of the whole particle size population will
be detected (in which the characteristic relaxation decay time of
these particles are in the same range of the measuring time of the
MRX instrument).

To have an accurate measurement of the magnetic moment, a
set of samples were prepared (as described in the experimental
section) using different amounts of iron-oxide NPs from 1.5 μg up
to 20 μg (mass of Fe3O4 ) and measurements were taken with the
MRX instrument. The MRX magnetic signal response is linear as a
function of the mass (Fe3O4) of nanoparticles, where its slope is
defined as the specific MRX moment (emu/g). Due to the complex-
ity of this system of polydisperse system of nanoparticles with
moderate dipole–dipole interaction, the relaxation curves cannot
be fitted using a single Néel function as indicated in Eq. (5).
Analytical algorithms for solving the inverse problem of mapping
the location of the magnetic dipoles, as well as the magnetic signal
strength and characteristic decay constants has been developed.32,46

The details of this approach are beyond the scope of the present
study and were described by Huang et al.,32 in which an automated
approach based on multistart dipole imaging technique was used to
obtain the locations and magnitudes of multiple magnetic sources,
without initial guesses from the users. The decay model of the
nanoparticle sample was verified using this tool to assume the two
exponential decay characteristic. This technique was simplified by
single term curve fitting to each of two time windows (before
and after 0.5 s), where the time constants have been named short
(30–180 ms) and long (1–10 s range).32

Figure 5 shows the MRX magnetic signal of a 20 μg sample
located beneath and at the center of the SQUID array detectors.
Figure 5(a) shows the field mapping intensity distribution of the
MRX sensor coils, and Fig. 5(b) shows the measured and fitted
decay magnetic curves (by two exponential decay characteristic).
Figure 5(c) shows the MRX magnetic signal against mass of nano-
particles (Fe3O4) at T ¼ 300 K, where the linear fit corresponds to
an average MRX moment of (4+ 0:3) emu/g (Table I). Because
the MRX signal detected by the sensors arises from relaxing nano-
particles in the superparamagnetic state, particles magnetically
blocked will not provide magnetic signal contribution (i.e., their
individual magnetic signal change can be neglected in the charac-
teristic measuring time of the MRX instrument), as well as particles
with the Brownian relaxation or with a very short relaxation times
below 80 ms.

2. SPMR temperature variation of the effective
MRX moment

Figure 6 shows the theoretical variation of the pure Néel
relaxation time, using the anisotropy constant calculated above,
K ¼ 1:24� 105 erg/cm3. Considering the measuring time window
of the MRX instrument is between τm ¼ 80�2170 ms after remove
of the energizing field, Fig. 6(a) shows the sharp variation of the
relaxation decay time constant (τ) against particle size at room-T.
Here, it is important to compare the measuring time window of the
instrument against the characteristic decay constant of NPs, where
a particle’s diameter size of 23 nm is τ ¼ 19 ms, 24.5 nm is τ ¼ 1 s,
and for 25 nm is τ ¼ 4:4 s. Figure 6(b) shows the sharp tempera-
ture variation of τ in the temperature range of T ¼ 290–340 K.
Thus, particles with a diameter size of 24.5 nm show τ-values
inside of the measuring time window in all the temperature range,
whereas particles with a diameter size of 25 nm are showing a
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partial contribution, with major contribution at higher tempera-
tures above 305 K.

The temperature range measured is from 270 K up to 350 K,
encompassing the full temperature range of samples that will be
applicable in the preclinical and clinical settings. Figure 7 shows
the temperature variation of the MRX signal strength for a sample
with mass of 50 μg (Fe3O4). In this temperature range, the tempera-
ture variation of MS can be neglected. As the temperature increases,
the MRX moment shows a drop in its magnetic strength, following
almost a linear variation with a negative slope of �2:51 μemu/K.
Thus, as the sample is cooled down from T ¼ 348 K down to
292 K, a rise in a factor 4 is observed in the MRX signal.
Considering that the effective blocking temperature is TB ¼ 310 K
(coincident with the average human body temperature), this overall
effect can be explained as an interplay of two opposite effects: as
the temperature increases, more particles are gradually going from
blocked to superparamagnetic response [see Fig. 6(b)], contributing
and building up magnetic signal. Meanwhile, because the superpara-
magnetic response against temperature follows a Curie-Weiss like-law,
a drop of the magnetization can be expected as /1=T-law.12,13

To verify these two superimposed contributions, the temperature vari-
ation of the MRX magnetic signal was computer simulated, using the
following expression for a system of solid spheres of particle size distri-
bution and weakly dipole–dipole interaction:29

MMRX(T) ¼ MSΔm
ðfc

0
ff (f)L(x)d(f), (6)

where in this case MMRX(T) corresponds to the magnetic signal
strength of a sample with mass of Δm ¼ 50 μg (Fe3O4), and the other
terms and parameters are defined above in Eqs. (2) and (3) for moder-
ate dipole–dipole interaction. The integration is performed over all
sizes from zero up to fc ¼ (28kBT=KV̂)

1=3
, which corresponds to

the range of particle sizes in the unblocked condition at certain T.
An additional restriction is applied based on the Néel decay time
constant, in which particles having a decay constants between 80ms
and 6 s are included. Therefore, particles with decay constant out of
this temporal window are rejected. The later upper limit is a factor 2
of the characteristic cut-off time of the instrument (τmax

m ¼ 3 s).

FIG. 5. MRX magnetic signal against mass of nanoparticles (Fe3O4) at
T ¼ 300 K: (a) field mapping intensity distribution of the MRX sensor coils for
one sample located beneath and at the center of the SQUID array detectors. (b)
The measured and fitted decay magnetic curves (by two exponential decay
characteristic). (c) The MRX magnetic signal against mass of nanoparticles
(Fe3O4), where the slope is the MRX magnetic moment.

FIG. 6. (a) Theoretical variation of the pure Néel relaxation time against particle
size, using the anisotropy constant calculated from dc-magnetometry,
K ¼ 1:24� 105 erg/cm3 and τ0 ¼ 10�10 s; (b) τ-temperature variation for the
case of particle size of 24.5 nm and 25 nm. The horizontal dot lines correspond
to the measuring time window of the MRX instrument.
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This was considered due to the fact that particles with initial magneti-
zation M0 and a decay constant of τ ¼ 3 s, after an elapsed time of
3 s, the relaxed magnetization is showing a theoretical reduction of
M=M0 ¼ 0:36, whereas after an elapsed time of 6 s is M=M0 ¼ 0:13.
Thus, the magnetic contribution of particles with decay constant of at
least τ ¼ 6 s cannot be neglected in the current MRX relaxometry
measurements setup.

Figure 7 shows the MRX magnetic signal and the magnetic
computer simulated curve for this sample (mass 50 μg Fe3O4) at
H ¼ 60 Oe, using K ¼ 1:24� 105 erg/cm3 (red continuous curve).
Based on this model approach and simulation constrains, there is a
moderate agreement between the real and calculated magnetic
signal. From the MRX experimental data and simulation result
(Δm ¼ 50 μg, H ¼ 60 Oe), it can be observed that the magnetic
signals are in good agreement at room-T (Fig. 7), with a value of
� 3:56 emu/g (1:78� 10�4 emu at 50 μg). As it was mentioned
above, dc-magnetometry data indicate that the magnetic signal at
H ¼ 60 Oe is 17.4 emu/g (saturation, MS ¼ 66 emu/g). Thus, the
experimental MRX signal corresponds to 20% of the dc-magnetization
at 60 Oe, and this is confirmed in our computer simulation
results. Therefore, the difference between MRX moment and
dc-magnetization can be explained based on this superparamag-
netic model and the Néel relaxation rejection condition deter-
mined by the intrinsic MRX instrument’s measuring time range.
A similar effect is observed in dc-magnetometry, where the differ-
ence between MS and Mmax (H ¼ 30 kOe) is 6:4%: MS was calcu-
lated assuming a superparamagnetic system of particles following
the Langevin equation [Eqs. (1)–(3)], whereas Mmax is the
maximum magnetization value at 30 kOe. Thus, the gap between
these two values is associated to particles that are not in the super-
paramagnetic regime. Because MRX magnetic relaxometry mea-
surements are more restrictive on the measuring time window
(narrow range of τm ), this gap between dc-magnetometry and
MRX magnetization of 80% is more critical.

In addition, as the temperature increases above room-T, both
experimental data and simulation curve show that the magnetic

signal strength is reduced. Besides showing the same trend, up to
T ¼ 350 K, the experimental data show a drastic reduction of mag-
netization in a factor 1/4, whereas simulation indicates a factor less
than 1/2. As it will be discussed below, this difference in tempera-
ture trends can be explained due to the moderate dipole–dipole
interaction between nanoparticles. Based on the T*-model, the T*

fitting parameter is related to the rms dipolar interaction, Ed ,

Ed ¼ kBT
* ¼ α

μ̂2

D3
, (7)

where α is a constant derived from the sum of all effective dipolar
energy contributions, and D is the average particle–particle dis-
tance. Using the structural properties of these nanoparticles, Ed can
be calculated by Eq. (7). In addition, the average iron-oxide core of
PrecisionMRX nanoparticles is 24.2 nm, and these particles are
coated by a thick layer of PEG20k having a colloidal hydrodynamic
Z-size of 92 nm (in water suspension). Thus, considering this thick
polymer coating layer, after drying and immobilizing, these nano-
particles the average particle–particle distance is estimated by mass
as D ¼ 50 nm.49 Using Eq. (7) and MS ¼ 66 emu/g, the value of Ed
is 3:09� 10�13 erg (EdkB ¼ 2238 K). It is important to note that this
estimation value is in good agreement with the experimental one
obtained from the T*-model in the dc-magnetometry section
(T* ¼ 2500 K). Then, the overall effect of the dipolar energy will
reduce the intrinsic energy barrier of individual nanoparti-
cles.29,30,50 To prove this effect, the MRX experimental data were
readjusted exploring different values of the effective energy barrier.
Figure 7 is showing the final simulation curve for the particular
case of K ¼ 1:10� 105 erg/cm3, where the agreement between
experimental and simulation results is remarkably good (blue con-
tinuous curve).

Assuming the same particle average size, the drop of the
effective energy barrier (KV) by using K ¼ 1:24� 105 erg/cm3

to K ¼ 1:10� 105 erg/cm3 corresponds to ΔEB ¼ ΔKV ¼ 1:04
�10�13 erg (ΔEBkB

¼ 753 K). This value is a factor 1/3 of the theo-
retical dipole–dipole interaction energy calculated above in this
system, Ed

kB
¼ 2238 K. These two different K-values arise by the

fact the former anisotropy K-value was obtained from the high-
field magnetization data where dipolar interaction has low con-
tribution, whereas the later anisotropy K-value is estimated from
the low-field magnetization data where dipolar interaction
cannot be neglected.

3. SPMR temperature variation of the decay
time constants

Figure 8 shows the characteristic MRX relaxation curves
measured at different temperatures in the MRX instrument, plotted
in natural logarithmic as ln(MRX signal/10�6) against elapsed
measuring time. As it was mentioned earlier, the data analysis was
processed using the in-house program,32,46 where the short and
long decay constants were obtained from this data. Figure 9 shows
the characteristic short and long decay constants determined by the
program from the experimental data at different temperatures from
270 K up to 350 K. The average value of the short decay constant is
151 ms, whereas the average long decay constant is 1.14 s. As the

FIG. 7. MRX signal magnetic strength against temperature for a sample mass
of 50 μg Fe3O4 (dot black points). The computer simulated curve at
H ¼ 60 Oe, using K ¼ 1:24� 105 erg/cm3 (red continuous curve) and for the
particular case of K ¼ 1:10� 105 erg/cm3 (blue continuous curve).
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temperature increases, both decay constants show a monotonic
drop of their values. This is in good agreement with the superpara-
magnetic model of moderate dipole–dipole interaction (or without
magnetic superspin glass frustration effects). Thus, based on Eq. (5),
as the activation thermal energy increases (kBT), the overall collective
magnetization has a faster relaxation, which means a shorter decay
constant at higher temperatures.

With the aim to verify this trend, the magnetic relaxation
against time (MMRX(t)) of the whole system at each specific temper-
ature (T ¼ T0) was computer simulated, using the following
approach for a system of solid spheres of particle size distribution
and weakly dipole–dipole interaction:29

MMRX(t)
���
T¼T0

≃ MSΔmL μ̂H
kB(T0 þ T*)

� �ð1
0
f (f) exp � t

τ

� �
d(f),

(8)

where μ̂ corresponds to the magnetic moment defined in Eq. (3)
for the average particle size of 24.2 nm, L(x) is the modified
Langevin function defined above (T* ¼ 2500 K), Δm is the sample
mass (in this particular case 50 μg Fe3O4), f(f) is the Gaussian dis-
tribution function defined above in Eq. (2), and the last term at the
right side of Eq. (8) corresponds to the time-exponential magnetic
decay controlled by the Néel relaxation time constant defined in
Eq. (5). As it was considered above for the MRX magnetic signal
strength calculation, an additional restriction is applied based on
the Néel decay time constant, in which particles having a decay
constant between 80 ms up to 6 s are included. Therefore, particles
with decay constant out of this temporal window are rejected. The
anisotropy constant (K) has an important role in this calculation,
in particular, affecting τ as it is indicated in Eq. (5).

Using Eq. (8), the magnetic relaxation curves of M(t) against
time (t) were computer simulated at each respective temperature
from 270 K up to 350 K, in steps of 5 K. It is important to note
that each magnetic relaxation curve obtained by this computer
simulation method is the overall collective magnetic relaxation of
the system of solid spheres of particles (discriminating in their
intrinsic decay constants in the range from 80 ms up to 6 s).
From each simulated magnetic relaxation curve, the short and
long decay constant were extracted by using the same protocol
applied above. Two different values of anisotropy constant were
used in this computer simulation, at K ¼ 1:24� 105 erg/cm3 and
K ¼ 1:10� 105 erg/cm3. The obtained short and long decay cons-
tant values for each case are showed in Fig. 9, where a better agreement
between the decay constants of the simulated against experimental
values is observed for the case of K ¼ 1:10� 105 erg/cm3. This is also
in good agreement with the previous correlation observed of the MRX
magnetic signal strength and anisotropy constants. Table I summarizes
the MRX parameter results.

Therefore, the temperature variation of the iron-oxide NPs
(D̂ ¼ 24:2 nm) with narrow size dispersion is showing a sustained
magnetic collective trend that can be attributed to the contribution
of the individual nanoparticles. Thus, particles with different
sizes will contribute to the overall magnetization with different
weight factors at each respective temperature. The temperature
trend difference between individual [Fig. 6(b)] and collective

FIG. 8. MRX relaxation curves measured at different temperatures in the MRX
instrument, plotted as ln(MRX signal/10�6) against elapsed time (sample mass
of 50 μg Fe3O4). The elapsed time of the magnetic stimulus pulse is 750 ms,
and after a dead-time of 80 ms, the data acquisition points are carried out at
each temperature.

FIG. 9. Short and long decay constants determined from the experimental data at
different temperatures from 270 K up to 350 K (dot points). The continuous lines
correspond to the decay constants adjusted from the computer simulation curves,
using two different values of anisotropy constant at K ¼ 1:24� 105 erg/cm3 (red
line) and K ¼ 1:10� 105 erg/cm3 (blue line).
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(Fig. 9) decay time constants is significant. Assuming a model of
polydisperse system of solid spheres with effective anisotropy of
1:10� 105 erg/cm3 and weak dipole–dipole interaction, SPMR
computer simulations supported the temperature variation of the
MRX signal strength as well as the effective relaxation time
constants. As the sample is cooled down from T ¼ 348 K to
T ¼ 392 K (temperature gap of ΔT ¼ 56 K), an increase of factor 4
is observed in the MRX signal strength, which corresponds to a
negative linear slope of �2:51 μemu/K. This is an important finger-
print of PrecisionMRX® nanoparticles associated to its intrinsic
specification of particle size and size-dispersion, and this tempera-
ture trend must be considered in the case of future in vivo assays,
ex vivo tissues, in vivo animal studies, and in-vivo clinical studies,
where the temperatures in each scenario are not the same.

IV. CONCLUSIONS

In this work, we presented the temperature effect and quanti-
tative correlation between dc-magnetization and a MRX magnetic
relaxometry moment as measured by our MRX instrument, based
on the structural properties of these nanoparticles as well as funda-
mental aspects of these measurement techniques. The characteriza-
tion results for representative model nanoparticles were studied as
a function of temperature and magnetic field, where spherical
shape and narrow size dispersion (σ , 7%) are the characteristic
fingerprints of this model system with a polycrystalline nature of
these particles.

The intrinsic magnetic properties of these model iron-oxide
superparamagnetic nanoparticles were analyzed and correlated.
The coercive field, HC , at room-temperature is below 10 Oe, where
low values as this one are required in magnetic relaxometry. In par-
ticular, the saturation magnetization (MS ¼ 66 emu/g) and anisot-
ropy constant (K ¼ 1:1� 105 erg/cm3) were calculated based on a
superparamagnetic model of moderate dipole–dipole interaction
and random easy anisotropy axis distribution. These three parame-
ters (HC , MS, and K) are of fundamental interest for MRX magnetic
relaxometry performance.

MRX magnetic relaxometry measurements provided informa-
tion about the intrinsic relaxation mechanism of these nanoparticles,
through the characteristic relaxation decay constants, as well as the
effective magnetic dipole moment strength. The MRX temperature
variation of this model system is not following the expected
exponential-sharp trend of the pure Néel relaxation-Arrhenius law
for a monodisperse system. In this work, we observed that due to the
narrow size dispersion, particles with different size will contribute to
the overall magnetization with different weight factors at each respec-
tive temperature. Therefore, the ensemble of nanoparticles has an
overall sustained magnetic collective response. In the temperature
range of 290 K up to 330 K, based on the Néel model of two decay
constants, the average collective decay times were 151ms and 1.14 s
for the short and long decay constants, respectively. Based on a col-
lective system of nanoparticles in which their Néel relaxation times
are varying from 80ms up to 3 s, the MRX moment is in good agree-
ment with superparamagnetic theory, corresponding to 20% of the
overall dc-magnetization.

Magnetic computer simulations and calculations were
carried out assuming a superparamagnetic model of moderate

dipole–dipole interaction, where shape and particle size distribu-
tions were used as input parameters.

Mapping the characteristic magnetic properties of these nano-
particles as well as the correct interpretation/quantification of the
magnetic moment strength at the MRX Instrument are of consider-
able interest for the next step of clinical study in cancer diagnostic,
as well as for future applications of this technique in size-based
multiplexing and theranostic applications, in which a precise quan-
tification of the magnetic dipole moment strength could provide
guidance in appropriate treatments.
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