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A B S T R A C T

The nonlinear magnetic behaviour of superparamagnetic iron-oxide nanoparticles (SPIONs) has attracted in-
terest as a valuable feature for upcoming medical applications. Injecting SPIONs into the human body affects
their magnetic properties through the formation of protein corona or cell immobilisation. It is therefore im-
portant to study the effects of environmental changes on the magnetic susceptibility of SPIONs. A super-
paramagnetic quantifier (SPaQ) is used here to assess the differential magnetic susceptibility of three com-
mercially available SPIONs: Synomag®, Resovist® and Sienna+®. The following experiments were carried out to
mimic the influence of the biological environment on the magnetic responses of SPIONs: (i) varying the viscosity
of the medium; and (ii) immobilising the nanoparticles by freeze-drying. Differential magnetisation curves as a
function of the applied magnetic field were visualised to reveal the dynamic magnetic behaviour of SPIONs in
both experiments. Synomag® displayed the lowest decrease (~5%) in differential magnetic susceptibility com-
pared to Resovist® (~33%) and Sienna+® (~21%), for a change from water to a high-viscosity fluid. Although
Synomag® showed a clear drop in differential magnetic susceptibility (~58%) after freeze-drying, it still appears
to be a promising candidate for clinical applications due to its low sensitivity to changes in viscosity.

1. Introduction

Superparamagnetic iron-oxide nanoparticles (SPIONs) are currently
used experimentally in biomedical applications such as those involving
drug delivery [1], magnetic particle imaging (MPI) [2], magnetic fluid
hyperthermia [3], magnetic resonance imaging (MRI) [4], and sentinel
lymph node (SLN) biopsy (SLNB) [5]. Clinically approved SPIONs, such
as Sienna+® (Endomag, UK) for mapping the sentinel lymph nodes [6],
and NanoTherm (MagForce, Germany) for hyperthermia treatment [7],
have been extensively tested for their uptake, distribution, clearance
and toxicity [8,9]. These SPIONs are typically coated with biocompa-
tible, biodegradable and water-soluble polymers [10], such as deriva-
tives of dextran [11,12]. Recently, the dynamic magnetisation of
SPIONs has been studied to investigate the dependency of viscosity on
harmonic signals [13–18]. Additionally, measurements of dynamic
magnetic susceptibility have been introduced as a tool to determine
fluid viscosity through the rotational response of magnetic nano-
particles [19]. However, few reports have studied the differential
magnetic susceptibility dM/dH as an intrinsic property of nanoparticles
in viscous environments [20,21].

Typically, the SPIONs used in vivo are injected into the bloodstream,
or in/around a tumour. A natural reaction to the injected SPIONs

involves the deposition of plasma proteins onto the surfaces of the
SPIONs (via adsorption) [22], or cellular uptake by macrophages [23]
as illustrated in Fig. 1. This process follows either endocytic pathways
[22] or natural direct penetration pathways [23], resulting in changes
in the hydrodynamic size and surface properties of the injected SPIONs.

After interacting with the biological environment (macrophages
and/or protein corona), SPIONs experience a reduction in the number
of mechanical degrees of freedom for rotation and translation [24]. This
change in mechanical behaviour also influences their magnetic beha-
viour, which can be observed inside live cells [25]. In general, the
ability of SPIONs to respond to changes in magnetic field is governed by
two distinct relaxation processes: Brownian relaxation and Néel re-
laxation [26].

Brownian relaxation is the physical rotation of the hydrodynamic
volume of a SPION, leading to a relaxation time of:
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where VH is the hydrodynamic volume of the nanoparticle, η is the
viscosity of the surrounding carrier liquid, kB is Boltzmann’s constant,
and T is the absolute temperature. In this process, the hydrodynamic
volume is defined as including the volumes of both the particle and the
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surrounding fluid affected by the particle–fluid interaction.
Néel relaxation is the rotation of magnetisation inside the magnetic

core of a SPION, leading to a relaxation time of:

=τ τ KV
k T

exp( )N
c

B
0 (2)

where τ0 is a length of time between 10−9 s and 10−11 s and is a
characteristic of the material, K is the anisotropy constant, and Vc is the
core volume. Recently, a third relaxation process [27] has been de-
tected in Synomag® nanoparticles, which have a nanoflower shape.
According to Bender et al. [27], this fast relaxation in comparison to the
two other slow processes (Brownian and Néel relaxation) is attributed
to the relaxations of disordered spins within the nanoflower particles.
Commercial magnetometers, e.g. vibrating sample magnetometers
(VSMs) and superconducting quantum interference devices (SQUIDs),
are accurate and well-characterised in terms of measuring magnetic
nanoparticles, whether in the form of solid or powder [28]. However,
the quantification of nanoparticles in solution using these magnet-
ometers is limited, due to the artefacts caused by: (i) the sample posi-
tion; (ii) the particle size; and (iii) the particle shape [29]. Liquid
SPIONs have therefore been characterised using a recently introduced
superparamagnetic quantifier (SPaQ) that resembles a magnetic par-
ticle spectroscopy (MPS) device, but which uses a different excitation
sequence and excitation frequency [30]. The SPaQ allows for the
quantification of samples with a substantial size, thus allowing biolo-
gical samples such as lymph nodes, possibly containing metastases, to
be quantified.

We hypothesise that altering the biological environment around
SPIONs causes inhibition of their motion, and hence may affect the
relaxation mechanisms that reduce their magnetic susceptibility. To
unravel the background of this process, this paper characterises the
magnetic properties of three commercially available SPIONs in fluids of
various viscosities and after freeze-drying.

In this context, we evaluate the dM/dH curves using the SPaQ at a
low frequency, in different environments, to determine which of the
three tested SPIONs is the most promising for clinical applications.

2. Material and methods

The magnetic core size and hydrodynamic size of commercially
available SPIONs were characterised using transmission electron mi-
croscopy (TEM) and dynamic light scattering (DLS). In addition, the
magnetic properties of the following commercially available SPIONs, in
environments with various viscosities and following freeze-drying, were
characterised using SPaQ (for details, see Table 1):

• Synomag® (micromod Partikeltechnologie GmbH, Germany), con-
sisting of core–shell, nanoflower-shaped particles that contain 55%

(w/w) iron oxide (mainly γ-Fe2O3) and are covered by a dextran
shell.

• Resovist® (Bayer Schering Pharma GmbH, Germany), a hydrophilic
colloidal solution (Fe3O4/γ–Fe2O3) coated with carboxydextran,
consisting of multi-core particles.

• Sienna+® (Endomag, UK), a dark brown aqueous suspension of
carboxydextran-coated SPIONs (Fe3O4/γ–Fe2O3), designed for the
detection of sentinel nodes using the Sentimag magnetic probe [5].

2.1. Transmission electron microscopy

A 2 µl droplet of SPION was released onto a carbon film coating a
perforated copper grid, and dried at room temperature for 12 h, after
being ultra-sonicated for 10 min to reduce aggregation of the particles
and to achieve an equal particle distribution. The core sizes and shapes
of SPIONs were observed directly via TEM (Philips CM300ST-FEG),
using an electron acceleration voltage of 300 kV at a point resolution of
0.2 nm at 300 kV and a line resolution of 0.14 nm at 300 kV. The 12-bit
TEM images (with a resolution of 2048 × 2048 pixels) were analysed
semi-quantitatively using an in-house developed software (MATLAB
environment Version 9.6.0. MathWorks, Inc., Natick, Massachusetts,
USA) to calculate an average core size for all three tracers.

2.2. Dynamic light scattering

The hydrodynamic diameter of the magnetic nanoparticles was as-
sessed using dynamic light scattering. The angle for backscatter de-
tection was set to 173°. Before loading the samples into a scattering cell
at 25 °C, each sample was diluted with distilled water to a concentra-
tion of 25 µg/ml and a volume of 1.5 ml. All DLS measurements were
repeated three times for each SPION, and the results were averaged to
give the mean particle size and polydispersity index.

2.3. Superparamagnetic quantifier

The SPaQ (shown in Fig. 2) is a custom differential susceptometry
device used to measure the magnetisation response of nanoparticles to
an alternating magnetic field generated by an excitation coil [30]. The
SPaQ combines a low-amplitude alternating magnetic field with a
gradual DC offset field to measure the dynamic magnetisation curve.
The received signal is the derivative of the magnetisation curve, and
needs to be integrated to give the magnetisation curve. An alternating
field (1.33 mT) was applied in combination with a small offset field
(swept between −13.3 and +13.3 mT), the measurement time was set
to 1 s, and the excitation frequency was set to 2.5 kHz. This frequency
was optimised based on the detection rate [30]. The SPaQ was used to
characterise all three SPIONs based on the derivative of their magne-
tisation curves, i.e. dM/dH, as a function of the magnetic field. The

Fig. 1. Formation of a protein corona around a SPION (left), and the various stages of cellular uptake by macrophages (right).

K. Riahi, et al. Journal of Magnetism and Magnetic Materials 514 (2020) 167238

2



following features, derived from the dM/dH curve, were used to eval-
uate two properties of the SPIONs: (i) the full width at half maximum
(FWHM); and (ii) the maximum gradient of amplitude (dM/dH|max). All
data processing was performed using in-house developed software.

2.4. Experiments

To mimic the changing biological environment of cellular uptake
and adsorption of SPIONs, and to identify the contributions of the re-
laxation mechanisms, we explored the two scenarios described below.

Scenario I: Changes in the viscosity of the environment around
SPIONs

Under the assumption that a change in the viscosity of the medium
surrounding a SPION is mainly related to a change in Brownian re-
laxation time (τ )B , we hypothesised that varying the viscosity of a
sample would result in a changed magnetic susceptibility. A series of
SPION samples (Synomag®, Resovist® and Sienna+®) were therefore
prepared, with a total volume of 300 µl for each sample and each
containing 200 µg of iron. The range of viscosities was representative of
biological environments such as blood [32], plasma [33] and cancer
cells [34]. The viscosity values (details of the samples are presented in
Supplementary Material I) were calculated by changing the ratio of a
glycerol/water mixture using the formula proposed by Cheng [35].
Distilled water, SPIONs and glycerol were weighed using a laboratory
balance (Entris Sartorius) subject to an error of± 0.001 g, which was
calibrated before the measurements were taken.

Scenario II: Immobilisation of SPIONs by freeze-drying
Under the assumption that the Brownian relaxation of SPIONs will

be completely blocked when they are trapped in macrophages, the

magnetic properties of immobilised SPIONs are expected to be solely
influenced by Néel relaxation. To test this hypothesis, we immobilised
SPIONs by freeze-drying to remove all of the liquid around them. Three
samples (Synomag®, Resovist® and Sienna+®) with a total volume of
40 µl per sample, each containing 200 µg iron, were tested both before
and after immobilisation. At the freezing stage, the SPIONs were im-
mobilised by cooling in liquid nitrogen, which resulted in the formation
of ice and the arrangement of the particles into a fixed lattice. The
samples were dried using a lyophiliser (Freezone 4.5, Labconco) in a
vacuum. Freeze-drying took 12 h for each sample.

The relative change in the magnetic performance of the SPIONs was
assessed for both scenarios and both features (FWHM and dM/dH|max)
[36]:
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A′: feature of each sample with a specific viscosity ranging from η2
to η6 (scenario I), or after freeze-drying (scenario II).

A: feature of sample η1 (scenario I), or before freeze-drying (sce-
nario II).

3. Results

3.1. Transmission electron microscopy

All three SPIONs investigated in the current work were multicore
particles, meaning that each contained several iron cores. The various
morphologies of SPIONs can be observed from transmission electron
micrographs, since their electron density is higher than that of the
surrounding polymer coating (see Fig. 3).

The sizes of the iron-core particles assessed by TEM are shown in
Fig. 4 and summarised in Table 2. For Synomag® particles, their na-
noflower shape is clear from the TEM images, with each assembly of
nanoflowers containing multiple individual nanoparticles as densely
packed aggregates of iron oxides. The mean core sizes of the Synomag®
particles were 9 nm (for an individual core), and 24.34 nm (for the
whole flower). The core sizes found for Sienna+® (4.8 nm) and for
Resovist® (4.6 nm) were almost identical.

3.2. Dynamic light scattering

The hydrodynamic size distribution of the SPIONs, assessed using
DLS, is shown in Fig. 4b. The average sizes of the SPIONs and the values
of the polydispersity index obtained from DLS measurements are shown
in Table.2 and it can be seen that the Synomag® nanoparticles have a
larger particle size than Resovist® and Sienna+®. The hydrodynamic
size of a whole particle given by DLS is significantly larger than the core
size determined by TEM (see Table 2). The absence of secondary peaks
from the particle size curve assessed by DLS for Resovist® and Sienna
+® shows that these SPIONs have no tendency to agglomerate in water.
However, an additional slight peak was registered for Synomag®

Table 1
Details of the commercially available multicore superparamagnetic iron-oxide nanoparticles (SPIONs) used in this study. MPI: Magnetic particle imaging; MRI:
Magnetic resonance imaging; SLNB: Sentinel lymph node biopsy.

Synomag® Resovist® Sienna+®

Supplier Micromod Bayer Schering Endomag
Core composition γ-Fe2O3 Fe3O4/γFe2O3 Fe3O4/γ-Fe2O3
Shape of cores Nanoflower Spherical Spherical
Coating agent Dextran carboxydextran carboxydextran
Concentration of iron 10 mg/ml 27.92 mg/ml 28 mg/ml
Size specified by supplier 50 nm 45–60 nm 59 nm
Surface charge OH (plain) Ionic –
Field of application MPI & hyperthermia MPI & MRI SLNB
Available for pre-clinical use YES YES YES
Available for clinical use NO Limited availability NO, successor available [31]

Fig. 2. a) Schematic representation of the SPaQ: an excitation coil (blue) and a
pair of gradiometer detection coils (green) surround a 23 mm diameter sample
bore (figure adapted from [30]); b) a photograph of the SPaQ device and its
sample holder. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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nanoparticles, which could be explained by a tendency for clusters of
particles to form. The polydispersity index (PDI) parameter is less than
0.21 for all SPIONs, which confirms the polydispersity of nanoparticles
[37].

3.3. Superparamagnetic quantifier

Before studying the magnetic behaviour of SPIONs under changes in
viscosity and after immobilisation, we took baseline magnetic mea-
surements using 40 µl of SPIONs containing 200 µg iron. The magnetic
properties (dM/dH curves) of all three SPIONs were assessed using the
SPaQ as a function of the magnetic fields, and these are shown in
Fig. 5a. The magnetisation curve, calculated as a numerical integration
of the dM/dH curve, is shown as a function of the magnetic field in
Fig. 5b. At low magnetic fields (not exceeding 15 mT), all SPIONs show
a nonlinear response at room temperature. It was observed that the dM/
dH|max for Synomag® is higher than for Resovist® and Sienna+®.

3.3.1. Scenario I: Changes in the viscosity of the environment
All SPIONs exhibit nonlinear magnetisation behaviour. The changes

in the differential magnetic susceptibility dM/dH (and its numerical
integration), assessed by SPaQ for various viscosities, can be found in
Supplementary material II. For all samples, the maximum amplitude of
dM/dH occurred at 0 mT, and then decreased with increasing magnetic
field and viscosity. Fig. 6 shows the relation between magnetic change
and viscosity for all three tracers, as assessed in terms of two features
(FWHM and dM/dH|max). With increasing viscosity (ranging from 0.95
to 115.25 mPa.s), FWHM drops sharply for all three tracers.

Although the FWHM for Synomag® drops sharply with increasing
viscosity, this trend seems to stabilise for viscosity values above

50 mPa.s. The gradient amplitude feature shows stable (although
slightly decreasing) performance in response to increasing viscosity for
all SPIONs. Unlike Synomag®, Resovist® and Sienna+® exhibit an al-
most identical increasing trend in FWHM (from 0.9 to 3.8 mPa.s), fol-
lowed by a decreasing trend (from 49.0 to 115.2 mPa.s). They also
show a reduction in magnetic susceptibility with increasing viscosity.
The relative changes in magnetic susceptibility for all three tracers are
listed quantitatively in Table 3. The linear response, as assessed by
FWHM, showed the highest decrease in performance in response to
increasing viscosity: 12.75% (Synomag®), 33.02% (Resovist®), and
21.15% (Sienna+®). The nonlinear response, as assessed by the dy-
namic and static gradient of amplitude (dM/dH|max), was only slightly
reduced for Synomag® (4.81%), while the decreases in the responses for
Resovist® and Sienna+® were 32.30% and 20.61%, respectively.

3.3.2. Scenario II: Immobilisation of SPIONs by freeze-drying
Magnetic performance, as assessed by SPaQ (both from dM/dH and

its numerical integration) before and after immobilisation by freeze-
drying, is detailed in Supplementary material III. Fig. 7 shows the
changes before and after freeze-drying for the two features of FWHM

Fig. 3. TEM micrographs of SPIONs embedded in a carbon film coated on a perforated copper grid.

Fig. 4. a) Size distribution of three SPIONs assessed using TEM for iron cores, presented in the form of histograms fitted with a normal distribution, and b) DLS versus
hydrodynamic size.

Table 2
Average sizes of particles and their cores obtained from DLS and TEM, and
values for the polydispersity index (PDI) obtained from DLS measurements.

Name of SPION Magnetic core size [nm] Particle size [nm] PDI (DLS)

Synomag® 9.00 ± 1.70 66.52 0.20
Resovist® 4.59 ± 1.07 55.20 0.17
Sienna+® 4.75 ± 1.2 60.00 0.20
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and dM/dH|max.
All SPIONs exhibit a strong drop in magnetic susceptibility after

immobilisation, in terms of (dM/dH|max). The FWHM for Resovist® and
Sienna+® decreases after immobilisation. The relative changes in
magnetic performance after immobilisation for all three tracers are
listed quantitatively in Table 4.

4. Discussion

As mentioned in the Introduction, our goal is to determine which
SPION is most promising for future clinical applications. To assess three
types of SPIONs, two features were used: dM/dH|max and FWHM. In
clinical applications, SPIONs are expected to perform best when dM/
dH|max is high and FWHM is narrow. For example, in MPI, this will lead
to high sensitivity (dM/dH|max) and good spatial resolution (FWHM).

In order to compare the magnetic properties of the three types of
SPIONs suspended in water with free rotation, they were measured at a
single excitation frequency of 2.5 kHz, at room temperature. Synomag®
was found to have the highest maximum amplitude gradient dM/
dH|max in comparison with Resovist® and Sienna+®. Based on the TEM
results, it seems that the larger core size of Synomag® compared to
Resovist® and Sienna+® causes a higher amplitude gradient. However,
Resovist® and Sienna+® are both multicore particles, and since their
coating is invisible under TEM imaging, it is impossible to determine
the number of cores per particle (and thus their effective core size). The

increase in dM/dH|max can be explained by magnetic coupling between
the close iron fragments (within a single nanoflower) leading to in-
creased magnetic susceptibility.

In scenario I, the increase in the viscosity around the SPIONs affects
the hydrodynamic volume (which mimics the protein corona around
the SPIONs). This leads to a longer Brownian relaxation time, resulting
in a delay in the magnetic response and hence a lower measured
magnetisation. As expected, we noted a decrease in dM/dH|max for all
SPIONs; however, the relative change was minimal for Synomag® in
comparison with both Resovist® and Sienna+®.

The FWHM exhibits the same decreasing trend as dM/dH|max in

Fig. 5. a) Differential magnetic susceptibility of SPIONs (Synomag®, Resovist®, and Sienna+®) as a function of magnetic field, and b) the magnetisation curve as the
numerical integration of the dM/dH curve.

Fig. 6. Scenario I: Changes in a) dM/dH|max and b) FWHM as a function of viscosity, plotted on a logarithmic scale.

Table 3
Relative changes in magnetic performance for scenario I. FWHM: full width at
half maximum; dM/dH|max: maximum gradient of amplitude.

Synomag® η1 to η2 η1 to η3 η1 to η4 η1 to η5 η1 to η6

FWHM 0.21% 2.47% 11.99% 12.25% 12.75%
dM/dH|max 2.75% 3.78% 5.49% 4.12% 4.81.%
Resovist® η1 to η2 η1 to η3 η1 to η4 η1 to η5 η1 to η6
FWHM 8.37% 14.88%) 29.76% 32.09% 33.02%
dM/dH|max 8.45% 14.92% 29.35% 31.34% 32.33%
Sienna+® η1 to η2 η1 to η3 η1 to η4 η1 to η5 η1 to η6
FWHM 6.73% 15.38% 22.11% 23.07% 21.15%
dM/dH|max 7.21% 15.46% 21.64% 22.68% 20.61%
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response to a decrease in viscosity for all SPIONs tested, with a wider
value for Synomag® that for the other SPIONs.

As expected, Resovist® and Sienna+® show nearly identical values
of FWHM at various viscosities due to their similar magnetic core sizes,
as described above using TEM analysis. The decrease in FWHM in re-
sponse to an increase in viscosity is evidence of their promise for use in
clinical applications, since the magnetic signal of SPIONs increases as
FWHM decreases.

Synomag® showed less sensitivity to a change in viscosity compared
to Resovist® & Sienna+®; its relative insensitivity to viscosity may be
due to its relaxation mechanism being dominated by an internal mag-
netisation processes rather than by Brownian relaxation.

In scenario II, SPIONs are expected to bind to cells such as macro-
phages, and to simulate this cell binding, we freeze-dried the SPIONs.
We assumed that freeze-drying blocked the Brownian rotation of
SPIONs completely, and that the mechanism of relaxation was governed
purely by Néel relaxation. dM/dH|max dropped sharply after im-
mobilisation, which may be caused by the alignment of free SPIONs (in
water) along their easy axis compared to randomly immobilised SPIONs
[21]. Unlike its response to varying viscosity, Synomag® is char-
acterised by a significant magnetic decrease after immobilisation. When
the rotation of the whole particle is blocked by freeze-drying, the
Brownian relaxation is inhibited, which leads to a negative change in
FWHM for Synomag®. This negative relative change in FWHM com-
pensates for the drop in dM/dH|max, making Synomag® the most pro-
mising SPION for clinical applications in which its typical nonlinear
behaviour can be exploited. The dramatic change in differential mag-
netic susceptibility for all three SPIONs after immobilisation confirms
that there is a substantial change in the magnetic behaviour of SPIONs
after cellular uptake.

5. Conclusion

Clinical applications using SPIONs rely on preserving the magnetic
signal when particles are transferred from a laboratory to an in vivo
environment. We tested three SPIONs with different sizes and shapes in
varying viscosities, and demonstrated that these particles showed de-
creases in magnetic performance after being introduced to a new

environment with varying viscosity. The Synomag® nanoparticle
showed less sensitivity to changing viscosity compared to Resovist® and
Sienna+®, confirming that its mechanism of relaxation is not domi-
nated by Brownian relaxation. Although Synomag® nanoparticles are
characterised by a decrease in magnetic performance after im-
mobilisation (58% decrease in differential magnetic susceptibility),
their limited sensitivity to variations in viscosity is evidence of their
promise for use in future clinical applications.

In future work, further optimisation of the SPaQ settings (e.g. ex-
citation frequency) for a specific nanoparticle may increase the detec-
tion rate and hence reduce the amount of injected nanoparticles re-
quired.
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