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Abstract

Sensitivity and spatial resolution in Magnetic Particle Imaging are affected by magnetic properties 

of the nanoparticle tracers used during imaging. Here, we have carried out a comprehensive 

magnetic characterization of single-core iron oxide nanoparticles that were designed for MPI. We 

used ac susceptometry, fluxgate magnetorelaxometry, and magnetic particle spectroscopy to 

evaluate the tracer’s magnetic core size, hydrodynamic size, and magnetic anisotropy. Our results 

present a self-consistent set of magnetic and structural parameters for the tracers that is consistent 

with direct measurements of size using transmission electron microscopy and dynamic light 

scattering and that can be used to better understand their MPI performance.

I. Introduction

Both sensitivity and spatial resolution of Magnetic Particle Imaging (MPI) – a new modality 

for the fast imaging of the spatial distribution of magnetic markers[1]– are critically 

determined by the availability of optimal magnetic nanoparticle tracers. So far, most of the 

MPI experiments utilize Resovist® – a clinically approved contrast agent originally 

developed for magnetic resonance imaging (MRI). In addition, MPI performance, 

comparable to that of Resovist, was demonstrated with other tracers optimized for MRI such 

as FeraSpin R™ from nanoPET Pharma GmbH[2]. It is, however, known that only a small 

fraction of the nanoparticles of Resovist and FeraSpin R contributes to the MPI signal. In 

fact, by using optimum fractions of the original suspensions of these MRI contrast agents, 
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the MPI performance can be enhanced by about a factor of 2 as presented in Ludwig et al. 

[3]and Löwa et al.[4].

Whereas both Resovist and FeraSpin R particles are multicore ones, consisting of 

elementary crystallites with sizes between 5 and 7 nm, it has been shown that single-core 

iron-oxide nanoparticles with typical core diameters of (20–25) nm exhibit a MPI 

performance superior to that of Resovist and FeraSpin R. Moreover, both sensitivity and 

spatial resolution in MPI for single-core nanoparticle tracers is strongly coupled to 

nanoparticle size, with monosized dispersions providing superior performance[5–8]. In 

addition, use of a single-core particle tracer in MPI is also simpler to interpret with 

appropriate magnetization and relaxation models.

In this paper, we present a comprehensive magnetic characterization of these single-core 

nanoparticles for use in MPI. We include a self-consistent set of measurements of the 

effective magnetic anisotropy, K, which influences the magnetic reversal. Such 

measurements enable accurate assessment and improvement of MPI tracers and the 

magnetization models used to interpret MPI imaging. A deeper understanding of tracer 

behavior in dynamic magnetic fields is also critical to the continued development and 

optimization of MPI scanner design and related image reconstruction algorithms.

II. Samples

Oleic acid coated iron oxide nanoparticles (NPs) were synthesized by thermal 

decomposition of iron oleate in the presence of oleic acid, following a method reported 

earlier[9]. The hydrophobic NPs were then transferred to water using a co-polymer of 

poly(maleic anhydride-alt-1-octadecene) and polyethylene glycol (PMAO-PEG)[10]. The 

median core size of the NPs was calculated to be 20nm, with a standard deviation of 0.245, 

by fitting m(H) data to a log-normal distribution of particle sizes and assuming a Langevin 

response [11] (Fig. 1(a)). Magnetic size determined in this way matched with size measured 

by transmission electron microscope analysis (Fig. 1(b)). The hydrodynamic size of the 

polymer coated NPs in water was measured to be 62nm (harmonic mean of the intensity 

distribution) with a polydispersity index of 0.195, using dynamic light scattering (DLS) (Fig. 

1(c)).

III. Characterizations

III-1. AC susceptibility

The complex ac susceptibility (ACS) measurement is a standard technique for the 

characterization of magnetic nanoparticles since it is rather simple and it covers a large 

range of relaxation times. ACS measurements for frequencies up to 10 MHz on suspensions 

of single-core magnetite particles which are similar to the ones studied here were recently 

presented[12]. In contrast to the model discussed below, the authors only consider a 

distribution of core diameters assuming a constant organic shell thickness. The ACS spectra 

discussed here were recorded with our 1 MHz ac susceptometer having a field amplitude of 

95 μT/μ0 [13] and Fig. 2 shows the measured real and imaginary parts as a function of 

frequency. Clearly, the spectra cannot be modeled with a simple Debye model. To fit the 
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measured spectra, we applied a generalization of the Debye model as proposed in Chung et 

al. [14]and Ludwig[15]. This model takes into account distributions of core f(dc) and 

hydrodynamic diameters f(dh) as well as Brownian τB and Néel time constants τN and it 

neglects particle-particle interactions. Within this model, real and imaginary parts of the ac 

susceptibility are given by

(1)

and

(2)

with

and

(3)

The Brownian and Néel time constants were modelled with the standard zero-field 

expressions, which are appropriate given the very small field amplitude, given by

(4)

and

(5)

with the viscosity η and assuming τ0 = 1 ns. For the distributions of core and hydrodynamic 

diameter, lognormal functions were assumed.

The dashed lines in Fig. 2 show the best fit with the described model assuming the bulk 

value of saturation magnetization, Ms = 4.8·105 A/m for magnetite and η = 1 mPa·s for the 

viscosity of water and T = 296 K. To restrict the number of free parameters in the model for 

fitting the measured spectra, we assumed for mean and standard deviation of the core size 

distribution values from TEM measurements (μc = 22.2 nm and σc = 0.2). The obtained 
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mean hydrodynamic diameter μh = 59 nm is in good agreement with the findings from DLS 

measurements (62nm). The maximum of the imaginary part at 4 kHz is attributed to the 

Brownian relaxation of particles with τB < τN whereas the shoulder at frequencies around 

100 kHz is caused by the Néel relaxation of particles with τB > τN.

III-2. Magnetorelaxometry

Magnetorelaxometry (MRX) is another established technique to characterize magnetic 

nanoparticles (MNP)[16]. In MRX, the MNP’s moments are aligned by a magnetizing field 

of a few mT magnitude, and then the decay of the net magnetic moment is recorded after 

abruptly switching off the field. The description of the magnetorelaxation signal of MNP 

samples with distributions of core f(dc) and hydrodynamic size f(dh) is usually performed 

with the moment superposition model (MSM) [17]which was originally proposed by 

Chantrell et al[18] and which assumes non-interacting nanoparticles. For MNP suspensions, 

the relaxation can principally take place via both the Brownian and the Néel mechanism in 

which the faster of the two dominates. In order to determine the core properties, the MNP 

are immobilized, by freeze-drying them in a mannite matrix, thus suppressing the Brownian 

rotation. In this case, the measured signal is given by

(6)

where C is a geometrical factor, L(dc) the Langevin function given by

with the magnetic moment , and τNH and τN are the Néel relaxation time 

constants in the magnetizing field and in zero field, respectively. For the Néel time constant 

is zero field, we used equation (5) and for the one in the magnetization field [19]

(7)

with the adjustable parameter F being of the order of 2.5.

Fig. 3 depicts the complete magnetization-relaxation cycle measured on the immobilized 

sample using our fluxgate MRX setup[20]. The unaveraged measured signal was normalized 

to the value before the magnetizing field was switched off. The magnetizing field amounted 

to 2 mT, the length of the magnetization pulse was 2 s. The relaxation signal was fitted with 

the MSM (equation (5)) assuming a saturation magnetization Ms = 4.8·105 A/m (bulk value 

for magnetite) and T = 296 K. As can be seen the measured curve can be e very nicely 

modeled for a lognormal core-size distribution with a mean value μc = 20 nm, a standard 

deviation of ln(dc) σc= 0.23 and an anisotropy constant K = 6265 J/m3. It must be pointed 
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out, however, that the determination of the core diameter is not unique since – stric ctly 

speaking - one senses rather a distribution of anisotropy energy barriers KVc. In addition, a 

lower value for the saturation magnetization Ms results in a correspondingly smaller K value.

III-3. Magnetic Particle Spectroscopy

Magnetic Particle Spectroscopy (MPS) is the most direct technique to investigate the 

suitability of magnetic nanoparticles as tracers for MPI. The MPS setup utilized here is 

similar to an ac susceptometer, consisting of a cylindrical excitation coil and a gradiometric 

detection coil. In contrast to an ac susceptometer, the excitation field amplitude is much 

larger driving the MNP moments periodically into saturation. Consequently, due to the 

nonlinear magnetization curve of the MNP, the detection signal contains higher harmonics 

in addition to the excitation frequency component. The spectrometer utilized in this work 

operates at an excitation field amplitude of 20 mT at frequencies which can be adjusted 

between 600 Hz and 10 kHz. Details of the spectrometer can be found in[21].

The MPS spectra measured at 10 kHz on a suspension and a freeze-dried reference sample 

are depicted in Fig. 4. Obviously, there is a difference in the harmonics spectra at 10 kHz 

indicating that Brownian relaxation affects the suspended particles. Brownian rotation could 

align the particle anisotropy axes and thus affect the response even if Néel rotation is 

dominant. Or a part of the nanoparticles in the suspension could follow the sinusoidal 

excitation field via the Brownian mechanism.

To simulate the spectra, the model proposed by Ferguson et al. [22]was adapted. In 

extension to the model described in[22], where a fixed hydrodynamic layer thickness was 

assumed, we included here a distribution of hydrodynamic diameters f(dh) to more 

accurately model the Brownian relaxation processes. Consequently, equation (8) in [22] 

modifies to

(8)

Here L(ξ) is the Langevin function and  and τ is given by equation (3). For the 

immobilized reference sample τ = τN and the integration has to be carried out only over the 

core diameter dc. For the time constants τB and τN, equations (4) and (5) were taken. In Fig. 

4, along with the measured magnitudes of the odd harmonics, the spectra calculated for the 

parameters listed in the inset are shown. Note that only the mean values μc and μh were 

taken as free parameters and – since the absolute values of the magnitudes are not known – 

just the relative decays of the harmonics spectra were fitted. The measured spectra can be 

modelled reasonably well with a set of core and hydrodynamic size distribution parameters 

which are consistent with the findings from ACS and MRX measurements.

Ludwig et al. Page 5

J Magn Magn Mater. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IV. Discussions

The detailed and complementary magnetic measurements on the single-core magnetic 

nanoparticles provide a self-consistent set of structural parameters which are also in good 

agreement with the findings from transmission electron microscopy (TEM), static 

magnetization measurements and dynamic light scattering (DLS). Also, it was found that the 

MPS spectra measured on suspended and immobilized nanoparticles show significant 

differences at 10 kHz excitation. This indicates that the inclusion of the dynamics, especially 

the investigation of the influence of the excitation frequency on the MPS spectra is an 

important point for a better understanding of the MPS response of single-core magnetic 

tracers with narrow size distributions.

A crucial point is the theoretical description of the MPS/MPI spectra, which is proportional 

to the Fourier transform of m(t). In order to simulate the MPS spectra, a combination of the 

Langevin function with the Debye model was applied. This model is a good first 

approximation of m(t) and has the advantage that it is easily solved analytically. For the time 

constants, we used, however, the zero-field expressions that are obviously not applicable at 

the chosen ac field amplitudes of 20 mT. An expression for the Brownian time constant in a 

larger ac magnetic field was derived by Yoshida and Enpuku [23] solving the Fokker-Planck 

equation; however, as mentioned above, to solve for m(t) using the Néel process in a strong 

field numerical methods are typically required to evaluate the internal energy of the 

magnetic moment in response to the driving field[7, 24, 25]. To get a physical understanding 

of the impact of Néel and Brownian reversal during MPS, one can insert the field-dependent 

expression for the Brownian time constant and, as a first approximation, equation (7) for the 

field-dependent Néel time constant into equation (8). One finds that there should be no 

difference in the MPS spectra of mobile and immobilized particles at 10 kHz for the set of 

nanoparticle parameters determined from ac susceptibility and MRX measurements, i.e., the 

Néel mechanism is the faster one for all particles. This was in fact shown experimentally in 

previous MPS studies at 25 kHz for other MNP[7]. Consequently, the used model (equation 

(8)) is only a rough approach to simulate MPS spectra; for a more precise calculation of 

complex MPS spectra better models including appropriate expressions for the magnetic-field 

dependence of the Néel time constant are needed.

As mentioned previously, it is important to determine the magnetic and structural properties 

of nanoparticles used for MPI. Here, we used three different methods to measure the 

magnetic energy barrier KV (or KeffV). The results were consistent, with Keff averaging to 

5155 J/m3. We note that this self-consistent value of anisotropy is significantly lower than 

expected for magnetite nanoparticles, where bulk magnetite has a K1 of 11,000 J/m3, and 

nanoparticles often feature larger K values.
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Fig. 1. 
(a) The m(H) curve of the NPs after their phase transfer to water. (b) The TEM image and 

size distribution of the NPs. (c) the intensity-weighted hydrodynamic size distribution of the 

NPs.
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Fig. 2. 
Measured ac susceptibility spectra. Spectra are normalized to the low-field value of the real 

part χ0. Dashed lines depict best fit with generalized Debye model (equations (1) and (2), 

respectively).
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Fig. 3. 
Normalized magnetization-relaxation cycle measured on the immobilized sample. 

Measurement curve is unaveraged. Dashed line depicts fit of relaxation part with MSM.
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Fig. 4. 
MPS spectra measured on suspended and immobilized nanoparticles for excitation 

frequency of 10 kHz and amplitude of 20 mT.
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