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ABSTRACT

Interactions between magnetic nanoparticles (MNPs) and their surrounding matrix were investigated during temperature-controlled magnetic particle spectroscopy
(MPS). MNPs are used as tracers in emerging biomedical imaging technologies, including magnetic particle imaging (MPI), which employ spatially inhomogeneous
time-varying magnetic fields to generate imaging signals. For safe and reliable imaging procedures, it is important to understand the thermal and mechanical
interactions between MNPs and the surrounding biological matrix. We performed in-vitro investigations using magnetic field hyperthermia (MFH) and temperature-
controlled MPS to elucidate the excitation-field dependent MNP-matrix interaction. MFH measurements of ferucarbotran (FCT) MNPs were conducted using a low-
frequency, high-amplitude, set-up designed to emulate the typical field conditions employed in MPI. First, it was tested whether concentrated FCT samples produce
measurable heating in MFH characterization. A strong bulk heating effect (AT = 40K) was observed, showing that the individual MNPs dissipate a significant
quantity of heat. However, no measurable bulk temperature increase occurred during MFH of dilute FCT preparations in liquid or gelatin suspensions. Then,
temperature-controlled MPS measurements were performed on dilute FCT immobilized in gelatin. The melting transition of the dilute gelatin preparation produced a
clear change in the temperature-dependent MPS spectra. The melting transition was reproducible between measurements using the same field excitation, with a
standard deviation of o0 = 0.2 K. The melting transition temperature was found to depend upon the amplitude of the MPS excitation field. A reduction in the melting
transition onset temperature of 2.3 K was observed when the excitation amplitude was increased from 6 mT to 25 mT. This shift is attributed to increasing mechanical
and thermal particle-matrix interactions at higher excitation fields. The results show that within the studied system, individual MNPs interact with their local
environment in a non-negligible way during MPS measurement, even when bulk heating of the sample is not detected. Our findings hold significance for the potential

impact of MPI and related technologies on living tissues, a subject deserving of further study.

1. Introduction

Magnetic particle imaging (MPI) is a novel medical imaging mod-
ality which maps the spatial distribution of a magnetic nanoparticle
(MNP) tracer [1] via dynamic magnetization measurements. The
technique uses a sinusoidal drive-field excitation (common frequencies
between 1 kHz and 150 kHz, amplitudes between 5 and 90 mT peak) to
probe the medium being imaged. The measured magnetization response
of superparamagnetic magnetic nanoparticles (MNPs) contains addi-
tional higher harmonics of the drive-field frequency, due to the non-
linear and frequency-dependent magnetization characteristics of MNPs.
These higher harmonics provide a unique fingerprint of the nano-
particles contained within the sample, which is used as the basis for
image reconstruction in MPI [2]. A steep DC gradient field which passes
through zero at a single location (field free point (FFP)) is used to sa-
turate the nanoparticles across the majority of the MPI imaging volume,
so that imaging signal is only produced from a small volume sur-
rounding the FFP. By scanning the FFP throughout the imaging volume,
the MPI signal produced at each location can be measured, allowing
images to be reconstructed [3].

The imaging signal produced in MPI is dependent upon the
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frequency and amplitude of the excitation fields used, the type of MNP
used as a tracer, the MNP quantity present, and local environment
factors including the MNP binding state and temperature. MPI image
reconstruction techniques typically map the nanoparticle concentration
measured within each image voxel, with iron sensitivities in the low
nanogram range [4,5]. More recently, so-called “multi-color” re-
construction techniques have been used to map additional parameters
such as MNP type, binding state, or temperature [6-8].

Magnetic particle spectroscopy (MPS) is a technique closely related
to MPI. MPS measurements are conducted using a magnetic particle
spectrometer. In essence, this is an MPI scanner with no spatial en-
coding (no additional field gradient). MPS is most commonly used as a
fast and highly sensitive method for the characterization of MNP sam-
ples, to test their suitability as MPI tracers. The sensitivity of MPS
spectra to local MNP viscosity or immobilization has been previously
noted using temperature-dependent MPS measurements of MNPs dis-
tributed in gelatin [9]. The dynamics of nickel nanorods in gelatin
under alternating magnetic fields was also previously investigated by
monitoring the transmission of a linearly polarized laser light [10].

MPI and MPS technologies are commonly described within the lit-
erature as being minimally- or non-invasive. This is due to the lack of
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ionizing radiation or intrusive surgical probes, the biocompatibility of
iron-oxide nanoparticles [11], and the selection of drive-field char-
acteristics to minimize tracer heating or nerve stimulation during ex-
citation. MPI/MPS studies typically use MNPs and excitation fields
which are selected to minimize or prevent the dissipation of macro-
scopically measurable quantities of heat. MPI has been successfully
demonstrated for in-vivo studies within animal models [12-14], al-
though a detailed study of the health implications is still required.

One of the applications for which MPI and MPS have attracted in-
terest is the in-vivo tracking of cells labelled with MNP. In [14] and
[15], ferucarbotran (FCT) labelled human mesenchymal stem cells were
successfully tracked in-vivo after transfection using MPI at a drive
frequency of 20 kHz. These highly valuable works clearly demonstrated
the sensitivity of MPI for locating MNP labelled cells after migration to
different parts of a rodent physiology, although they offer little insight
into the strains experienced by the loaded cells during MPI measure-
ments, or the long-term impact of the measurement procedures. Na-
noparticles internalized into red blood cells have also been proposed as
a possible method for prolonging the half-life of MPI tracers for in-vivo
MPI [16], although the specific impact of the MPS measurements on the
MNP loaded cells is not reported.

The effect of MPS excitation fields on living cells after uptake of very
small iron oxide nanoparticles with average hydrodynamic diameter of
8 nm was briefly investigated in [17]. No negative impact was found on
cell viability or proliferation during seven days after MPS exposure.
These MNPs were used in this study as their exceptionally small size
facilitated easy cell-internalization, although they offer insufficient MPI
signal for good image reconstruction, either before or after internaliza-
tion. The properties which typically allow MNPs to produce strong MPI
signals have been previously investigated, with optimal results reported
for particles which have larger overall magnetic moments and sizes [18].
Larger MNPs, particularly those with a multicore structure, are also
linked to greater potential to dissipate heat [19,20]. In addition to this,
larger magnetic moments will exert greater mechanical strain on the
local surroundings. So far, no detailed study has yet been undertaken to
investigate the specific impact of common MPI tracer probes on their
local surroundings during MPI or MPS field excitation, or the potential
impact on biological tissues which could result.

Magnetic field hyperthermia (MFH) describes the underlying me-
chanism of an emerging cancer treatment [21] based on the distribution
of MNPs within tumor tissue, and the subsequent infliction of damage
to the cancer cells via heat generated by applying high frequency (ty-
pically 250-900 kHz) AC magnetic fields. The technique has enjoyed
significant interest in recent years, and is currently undergoing eva-
luation in clinical trials [22,23] as well as a range of in-vitro and in-vivo
studies. At present, characterization of MNPs as MFH agents is gen-
erally done by exciting a sample of MNPs and measuring the resultant
bulk increase in the temperature of the MNP suspension sample.
However, recent studies have indicated that cell damage can occur
during MFH, even when the macroscopic heating of the sample gen-
erated by the MNPs is negligible, or well below the threshold for
thermoablation [24,25]. Additional measurements have suggested two
potential mechanisms for these observations. These are the generation
of localized microscopic hot-spots at the site of each nanoparticle ex-
posing the immediate surroundings to greater temperatures than the
macroscopic fluid [24], or the effects of mechanical stress and abrasion
on cells [26]. Additional studies have recently demonstrated the po-
tential of steep field gradients to exert sufficient forces on intracellular
MNPs to disrupt the function and bio-structures of cancer cells [27].
The discovery that MNPs under AC magnetic fields can cause cell da-
mage without generating measurable macroscopic heating is of great
importance for MPI development. It suggests that a microscopic un-
derstanding of the interaction between MNPs and the surrounding
matrix during MPI or MPS is required, rather than the measurement of
macroscopic heating of bulk samples of MNP suspension. The interac-
tion of MNPs with their immediate surroundings during MPI
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measurement must be understood before the technology can be truly
validated as safe for clinical use.

In this work we present preliminary in-vitro studies which we use to
investigate the following hypothesis: MNP probes interact with their
local environment in a non-negligible way during MPI or MPS. This
interaction is a result of mechanical strain and/or heating (whether
local to individual nanoparticles or a bulk effect). This interaction will
be dependent on the amplitude and frequency of the excitation field
used, and should be clearly understood for the design and im-
plementation of safe in-vivo MPI.

2. Theory of particle-matrix interactions during MPI and MPS

Different possibilities exist for how MNPs undergoing AC field ex-
citation may interact with their surrounding matrix. The precise con-
tributions in each case will depend upon the characteristics of the MNPs
used, and the excitation field applied. Two primary mechanisms may
exert mechanical strain on the immediate surroundings of individual
nanoparticles. First, reversals in the direction of the AC excitation field
may produce a varying torque as the nanoparticles attempt to rotate via
Brownian processes and align their moments (see Fig. 1(a)). Many of
the leading MNP candidates for MPI tracers are multicore or “nano-
flower” particles containing large numbers of very small MNPs closely
aggregated in disordered arrangements (although some single-core
MNP tracers have also been investigated [28,29]). The anisotropy of
multicore MNPs is complex [30]. However, assuming that a MNP ex-
hibits some degree of overall anisotropy, and that the MNP’s moment is
not aligned with the field, a torque (7) will be exerted

T=mXB

where m is the particle moment and B the magnetic flux density.
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Fig. 1. Illustrations of particle-matrix interactions possible during AC field
excitation. (a) torque (black curved arrow) exerted as particle moment (white
arrow) orientates with the homogeneous field (B), (b) translational movement
(black arrow) due to field inhomogeneity (VB). (c) Heat generated by magnetic
excitation may result in just heating confined to the location of the particle
(T1 = particle temperature). A broader heating of the bulk suspension fluid
(T2 = macroscopic fluid temperature) may also result (d). The T2 value
achieved during measurement is concentration dependent (e-f). The arrow la-
belled Q in (c-f) represents heat loss from the MNP suspension into the wider
environment. Three combinations for local MNP temperature and bulk fluid
temperature are shown in (g) (green: T1, red: T2; 1: equilibrium before mag-
netic excitation, 2: MNPs heated, heat deposition in the matrix is insufficient to
create a significant temperature rise in the matrix, 3: MNPs heated, heat dis-
sipation in the matrix causes significant temperature rise in the matrix).
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A second source of mechanical strain can also arise. If the magnetic
excitation field is strongly inhomogeneous, then MNPs will undergo
translational forces due to the field gradients which they experience
(Fig. 1(b)). The translational force exerted under these conditions is
given by

F =(m-V)B

If F or 7 are of sufficient amplitude, the drag forces exerted by the
suspension medium may be overcome, and substantial particle move-
ment can occur. In the case of MNPs suspended in water or another
fluid, the drag forces will be dictated by the viscosity of the fluid, and
the particle’s hydrodynamic diameter. Binding events between the MNP
surface and biomolecules contained within the dispersion medium can
influence the drag forces considerably. Significant amplitudes of AC
field excitation, as well as steep field gradients, are key to the operation
of MPI scanners [3]. This means that each of these mechanical strain
components can be expected to occur during measurements using a
spatially encoded MPI scanner. For MPS measurements, translational
forces will be reduced as there is no gradient field, but rotational torque
will still be induced.

In addition to mechanical strain on the surrounding matrix, MNPs
will dissipate magnetic energy into heat as they undergo Brownian and/
or Néel processes induced by the excitation field. Measurements of
macroscopic temperature rise in MNP suspensions during AC field ex-
citation are well established. Based on these macroscopic measurements,
the specific absorption rate (SAR) is a common parameter used in the
literature to characterize the bulk heating efficiency of specific nano-
particle preparations [31]. The possibility for local hotspots to exist in
the immediate vicinity of individual nanoparticles will be heavily de-
pendent on the thermal coupling between specific nanoparticle types and
the surrounding matrix, the extent of the heat generated (determined by
the nanoparticle composition and the field frequency and amplitude),
and the location of heat generation (at the particle surface, or interior),
and the rates of heat diffusion within each material.

Fig. 1(c) illustrates a case in which the excitation field elevates the
local temperature of a MNP. However, the rate at which heat dissipates
into the surrounding fluid, and the rate at which heat escapes from the
MNP suspension into the environment (Q), mean that the surrounding
fluid is not measurably heated above the ambient temperature. Fig. 1(d)
illustrates the case in which the heat dissipated by the particles is suf-
ficient to overcome the rate of heat escape from the system, with a
resultant elevation of the bulk fluid temperature. Note that the local
temperature of the nanoparticle (T,) is still elevated above the wider
temperature (T5) of the fluid in both Fig. 1(c) and (d). Fig. 1(e) and (f)
illustrate how differing concentration can influence T; and T, for a
given MNP type and field excitation. In both 1(e) and 1(f), the in-
dividual MNPs are generating the same amount of heat, resulting in
elevated local temperatures. In (e) the low concentration of particles
means that there is no increase in T,, while the higher concentration in
(f) results in a measurable T, increase. Possible cases for T; and T,
during MPI are shown in Fig. 1(g). In case 1, neither the MNPs nor the
carrier fluid experience increased temperatures. In case 2, the MNPs are
heated, but the bulk fluid remains at ambient temperature. In case 3,
both the MNPs and the carrier matrix show an elevated temperature,
with the temperature of the MNPs higher than that of the surrounding
fluid.

In the following, we describe a set of complimentary experiments
designed to probe the interaction between MNPs and their surrounding
matrix during excitation at MPI frequencies.

3. Materials and methods
3.1. Magnetic nanoparticle preparations

Experiments were conducted using the common MPI tracer
Ferucarbotran (FCT) (Meito Sangyo, Japan). Each FCT MNP consists of
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Table 1
FCT sample types and respective iron concentrations used in the reported ex-
perimental studies.

Sample Matrix Iron Concentration (mmol/L)
FCT-Liquid (c(Fe) High) Aqueous 935

FCT-Liquid (c(Fe) Low) Aqueous 7

FCT-Freeze Dried Mannitol ~2

FCT-Gelatin Gelatin 1% 5

a large number of very small iron oxide cores embedded in a dextran
matrix, with an average hydrodynamic size for the FCT particles of
60nm [32]. It should be noted that FCT contains a distribution of
particle sizes and magnetic moments, as was reported in [18]. The
material forms the basis of the FDA approved MRI contrast agent Re-
sovist, used for liver imaging. FCT has been used extensively as a tracer
in MPI research [33], due to its good imaging qualities and existing
approval for use in humans.

FCT was implemented in a variety of different preparations (see
Table 1). Two liquid preparations (FCT-LIQ), one with a high iron
concentration c¢(Fe) = 935 mmol/L and one with a low concentration c
(Fe) = 7 mmol/L. Dilute FCT nanoparticles were immobilized in a 1%
gelatin  matrix (FCT-GEL) with an iron concentration of ¢
(Fe) = 5 mmol/L. In addition, FCT nanoparticles were freeze dried in a
mannitol matrix as an example of a strongly immobilized system. Iron
concentration of FCT samples were measured by spectrophotometry
using a phenanthroline assay.

Key considerations for maximizing the reproducibility of samples
during repeated measurements include minimizing the time that the
sample spent at elevated temperatures (to reduce the possibility of
gelatin molecules being denatured), redistribution of the sample via
vortexing after each measurement run before sample resolidification,
and following the same resolidification procedure (temperature, time
etc.). These laborious sample-control techniques may be avoided by
using a fresh FCT-GEL sample (from the same production batch) for
each measurement curve. This was the method employed in the mea-
surements reported here.

3.2. Low-frequency magnetic field hyperthermia (LF-MFH) efficiency
measurements

The heating efficiency of magnetic nanoparticle dispersions under-
going excitation fields in the MPI relevant range was measured using a
custom-built non-adiabatic apparatus [34]. The device operates at a
lower frequency (79 kHz) than is typically used when evaluating na-
noparticles for therapeutic applications (250-900 kHz), and provides
variable field amplitudes up to around 10mT. Therapeutic hy-
perthermia characterization measurements tend to focus on compara-
tively low amplitudes and high frequencies. However, MPI scanners
typically implement somewhat lower frequencies (to minimize heating)
and higher amplitudes, making the LF-MFH system a useful tool for
probing heat generation and particle-matrix interactions under the sort
of conditions more commonly encountered in MPI or MPS.

The LF-MFH apparatus uses a sample volume of 400 puL. contained
within an Eppendorf tube. The sample is placed at the center of the
excitation coil. Water-cooling of the excitation coil and polystyrene
insulation layers were used to decouple the joule heating of the coil
from the MNP hyperthermia occurring within the sample under eva-
luation. Thermal insulation also minimized heat loss from the ferrofluid
sample undergoing measurement. A fiber-optic thermometer (T4 probe
and FOTEMP1-H readout, Optocon (Germany)) was suspended cen-
trally within the upper portion of the sample under evaluation in-line
with the recommendations for thermometer positioning made in [31].
By measurement of pure water samples, temperature invariance of the
sample space over the first 300 s of measurement time was established.
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As the water sample does not generate heat under alternating magnetic
field excitation, this shows that the heat generated by the coil does not
penetrate the insulation layer and enter the nanoparticle space over this
time period during continuous field operation. Thus, measurements of
300 s or shorter are unaffected by heat from the excitation coil.

3.3. Magnetic particle spectrometer (MPS-3, Bruker)

The MPS-3 measures the non-linear dynamic magnetic response of
the sample, and is commonly used for evaluation of potential MPI tracer
materials. To do this, a sinusoidal excitation field (25 kHz, 0-25 mT) is
applied, and the response is detected by a gradiometric pickup coil. Like
MPI, MPS measurements contain detailed information about the na-
noparticles being studied, and their local environment (including their
binding state and local temperature). The gradient field found in MPI
scanners for spatial encoding is not present in the MPS, this means that
the MNP samples experience a rapidly changing, but approximately
homogeneous field. The MPS-3 is designed to measure low-volume
samples (typically around 30 pL), and incorporates a system for con-
trolling the sample temperature between room temperature and 318 K
based on a feedback-controlled temperature modulated air-flow. The
sensitivity of the system to temperature-induced changes in MNP re-
laxation has previously been demonstrated [35].

The MPS-3 employs a separate dedicated stream of cool air to re-
move heat from the excitation coil. Water samples of 300 uL loaded
inside of glass test tubes and measured in the MPS at 25 mT amplitude
for prolonged periods show no temperature change when monitored
using a fiber-optic thermometer. Thus, we are confident that heat from
the excitation field generation does not leak into the sample space and
influence samples.

While well optimized for highly sensitive and stable calibrated
measurements of magnetic particle spectra, the MPS is a poor apparatus
for the measurement of heating induced within MNP samples by the
excitation field. The system was designed to minimize thermal changes
within the sample. The lack of thermal insulation around the sample
holder, and constant airflow around the MPS sample space, mean that
heat escapes too readily from samples to be measured. The system is
designed to measure very small samples, from which heat quickly dis-
sipates.

The possibility of attempting to measure sample heating within the
MPS using larger volume samples contained within glass test tubes was
considered but dismissed. The method earlier described for measuring a
water-filled test tube with a fiber-optic thermometer does not translate
to the measurement of MFH in the system. The test tube method re-
quires a large sample volume to be used (several hundred pL) to ensure
that the thermometer probe can be reliably submerged. However, the
homogeneous region of the MPS-3 excitation field is relatively small,
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covering a region of 2 X 2 X 2mm?, or 8 uL. Thus, the majority of the
MNP sample destined for a test-tube based MPS hyperthermia mea-
surement will lie outside of the homogeneous field region, and so ex-
perience lower field amplitudes than the set value. If a large part of the
sample volume is experiencing an unknown reduction in the field am-
plitude as compared with the intended value, then measurements of
field-induced MFH within the MPS will be underestimated. For these
reasons, a dedicated LF-MFH system was developed for the measure-
ment of heat generated by MNP samples.

3.4. Method

The heating efficiency of liquid and gelatin based FCT preparations
was tested in the LF-MFH system at varying excitation field amplitudes.
A linear fit was used to calculate the initial gradient at the onset of
heating within a time span of 5s for each LF-MFH curve. This gradient
was then used as a measure of the heating efficiency in each mea-
surement.

Temperature-dependent MPS measurements were conducted on
dilute FCT-GEL samples. Solidified gelatin samples were loaded into the
cool MPS-3, and the temperature of the sample space was gradually
increased by the heated airflow. Samples were heated up to a maximum
temperature of 318 K. The melting temperature of gelatin is dependent
upon concentration and other factors, but is typically below 308 K.
Upon removal of the sample from the MPS, the transition of the gelatin
into a liquid state was verified by eye. The melted samples formed a
slightly viscous liquid, in which the MNPs were more able to move and
align with the field as compared with the solidified case. The spectra at
varying temperatures were then analyzed for evidence of the melting
transition occurring. Temperature-dependent MPS measurements were
repeated at varying excitation field amplitudes to probe how this in-
fluenced the observed melting behavior as a result of differing particle-
matrix interactions.

4. Results
4.1. Measuring LF-MFH in FCT samples

Example heating curves obtained via LF-MFH measurements of FCT
preparations are shown in Fig. 2(a). When a 400 pL sample of con-
centrated FCT-LIQ (935 mmol/L concentration) was excited in a 10 mT
field for 300s (black curve), a bulk temperature rise of 40 K was re-
corded. The excitation field produced a significant bulk heating effect
within the concentrated FCT sample, despite the low excitation fre-
quency compared to therapeutic MFH. The heating curves obtained
from the same sample at excitation fields of 6 mT and 3 mT are shown
in red and blue in Fig. 2(a). A clear trend is observed, with larger
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Fig. 2. (a) Example LF-MFH heating curves obtained for concentrated (black, red and blue) and dilute (pink) FCT-LIQ samples at different field amplitudes. (b)
Excitation-amplitude dependence of the initial slope (AT) of the MF-MFH heating curves for the concentrated FCT-LIQ sample.
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excitation field amplitudes producing larger heating rates and higher
final temperatures. The initial heating gradient (AT) of concentrated
FCT-LIQ at all measured amplitudes is plotted in Fig. 2b. We observe a
roughly linear increase in the heating efficiency at field amplitudes
between 2mT and 10 mT.

The pink line in Fig. 2(a) shows the heating curve for a sample of
dilute FCT-LIQ when measured at 10 mT excitation field. Here, no
measurable heating is observed over the course of the 300 s measure-
ment, despite the maximum excitation field amplitude. LF-MFH of a
dilute FCT-GEL sample was also tested, with no measurable heating
being detected. As the results for dilute FCT-LIQ and FCT-GEL are in-
distinguishable from each other (both AT = 0), only the curve for dilute
FCT-LIQ is plotted in Fig. 2(a).

4.2. Temperature dependent MPS at a single field amplitude

A plot of the evolution of the 3rd harmonic amplitude (A3) and
phase (¢3) with increasing temperature is shown in Fig. 3(a) for a dilute
FCT-GEL sample measured with a 25 mT excitation field. The initial A3
and @5 values at 293K were A; = 170nAm? and ¢; = —16.6°. The
percentage change in A3 compared with the initial value (293K) is
plotted to emphasize the large scale of the observed effects. The per-
centage change values were calculated using

T T T T

404(a) o 4

.H' ; """"""-:Z-
4 Y /
s30f & [ ,
2| :

©

e

@]

52

o
»

AN
o
o

A@, (Degrees)

h s L 0.5
10- = 4
N l-
¥
0. .....--"" o 1.0
295 300_ 305 310 315 320

Temperature (K)
_Freeze Dried

YO —~

Liquid

(® ~ . (d)or=g '
Ly T & \\

<«>_2 - <m-2

£.3 £33 \\

B4 g .

S 295 300 305 310 315 320 §4 5 3] -

< 295 300 305 310 315 320
O Temperature (K) S Temperature (K)

(c

~
w
]

—~
O
~w

! - -

N
L)
L]
N

Y

e

295_300 305 310 315 320
Temperature (K)

Ag, (Degrees)
o
M
%
A, (Degrees)

295 300 305 310 315 320
Temperature (K)

o

Fig. 3. Temperature dependence of MPS measurements at 25 mT. (a) FCT-GEL
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increasing temperature. Onset of melting transition Ty marked. (b-c)% change
in A; and A3 with increasing temperature for freeze dried FCT sample. (d-e)%
change in A; and Ags with increasing temperature for a low concentration li-
quid FCT sample.
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A3 () — A3 (To)

% Change A3 =(
A3 (To)

)XIOO

where A; (7)) = Az value at measured temperature 7; and A;(Ty) = In-
itial A3 measured at the lowest temperature T.

The absolute change in phase lag A@s with increasing temperature is
presented in degrees (phase values are negative by convention, in-
dicating the phase lag of the net magnetic moment to the excitation
field). Ags at a given temperature is found by subtracting the ¢5 value
measured at the initial temperature @3(Ty) from the value measured at
the new temperature @3(T;)

Ap3 = p3(T) — ¢3(Ty)

The primary features of interest in the Fig. 3(a) are the large tran-
sitions observed simultaneously in both A3 and @s. These transitions
show the point at which the majority of the MNPs within the sample go
from an immobilized state to a mobile one as the gelatin melts. During
melting, A3 amplitude increases by 40%, The melting transition dis-
rupts the ¢j3 significantly, where a sudden change of the phase lag oc-
curs. In this work, we use the maximum in A@s at the start of the
melting transition to define the melting temperature Ty (or onset of the
melting event). Using this definition, for an excitation field of 25 mT
amplitude, we observe Ty; = 301.7 K.

At temperatures below the melting transition in Fig. 3(a), a gradual
increase in As is observed, and a steady decrease in ¢ value. After the
melting transition, the trend in the A3 value is observed to reverse, with
a small but steady decrease in the value with increasing temperature.
After melting, the phase lag decreases linearly. In Fig. 3(b—e) we present
the temperature dependences of A3 and @3 measured via MPS at 25 mT
for FCT nanoparticles in both freeze-dried (immobilized) and liquid
(mobile) preparations. Comparing the results in 3(b—e) with 3(a), we
observe a correlation in temperature dependence (increasing or de-
creasing) for the A3 and @3 in the immobilized (freeze-dried and soli-
dified FCT-GEL) and liquid (liquid and melted FCT-GEL) states. The
immobilized A5 results are the only exception to this accordance. Here,
the freeze-dried A; shows the opposite temperature dependence (de-
creasing) to that observed in the solidified FCT-GEL sample (in-
creasing).

Treated appropriately, the behavior of individual samples of dilute
FCT-GEL was found to be reproducible during thermal cycling in the
MPS-3. With appropriate sample handling, as described in the materials
and methods section, a standard deviation in the melting transition
temperature of o0 = 0.2 K was achieved.

4.3. Modulation of particle-matrix interactions via the excitation field
amplitude

After establishing the temperature-dependence of MPS signals ob-
tained from dilute FCT-GEL samples using a single excitation field, the
influence of varying excitation amplitudes was then investigated.
Temperature-dependent MPS measurements at different excitation field
amplitudes are shown in Fig. 4 for both A5 (a) and @3 (b). Here, AAjz is
plotted, calculated in the same manner as described for Agps. A reduc-
tion in the onset of the @3 melting transition Ty is observed with in-
creasing field amplitude. A shift of approximately 2.3 K towards lower
Twm temperatures results when the excitation amplitude is increased
from 6 mT to 25 mT.

The excitation-amplitude dependence of the Ty melting onset is
plotted in Fig. 4(c) for the available data. A significantly larger shift in
the transition temperature was observed between 6 mT and 12 mT, as
compared with between 12 mT and 25 mT. This suggests that the effect
may saturate at higher excitation field amplitudes, although additional
measurements would be required to confirm this.
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Fig. 4. Influence of the excitation field amplitude on (a) AA; and (b) A@; of
temperature-dependent MPS measurements. (c) Extracted Ty values from
measurements presented in (b).

5. Discussion

Dilute dispersions of MNPs in gelatin provide an easily-accessible
and cheap platform for studying particle-matrix interactions. While
other dispersion media may require less rigorous experimental controls,
and provide additional stability, the melting transition of gelatin makes
it well-suited for studying processes in the biologically-relevant tem-
perature range.

The LF-MFH measurements (Fig. 2(a)) demonstrated that while
significant heating may be recorded at a given frequency and amplitude
for a concentrated FCT sample, a reduction in the FCT concentration
can result in no measurable heating from the same excitation field. In

426

Journal of Magnetism and Magnetic Materials 475 (2019) 421-428

the case of the FCT-GEL and dilute FCT-LIQ samples measured at
maximum field amplitude, heat generated by the nanoparticles dis-
sipates into the environment without raising the macroscopic tem-
perature of the MNP suspension (as illustrated in Fig. 1(e)). The non-
linear behavior observed at low excitation field amplitudes in Fig. 2(b)
may be caused either by heat dissipating too quickly from the sample to
be detected, or it may be the case that the particles do not produce even
local heating at such small amplitudes.

For FCT-GEL, an excitation field of 25 mT resulted in Ty; = 301.7 K,
while a 6 mT excitation gave Ty; = 304 K. These values are lower than
the literature value for gelatin melting (< 308K [36]). The lower va-
lues recorded in this study may be partly explained by the addition of
MNPs changing the melting temperature, and also by localized effects
caused by the excitation field. In [9], a melting transition onset of
~305K was recorded for iron oxide MNPs of unspecified iron con-
centration dispersed in 4 % gelatin. Ty, values are likely to be highly
sensitive to the gelatin source and preparation procedure, as well as the
type and concentration of MNPs added. In this study, all Gelatin sam-
ples were taken from the same batch of FCT-GEL, thus the properties of
the FCT-GEL material should be homogeneous for all measurements.

The shift towards lower Ty values at higher excitation fields sug-
gests that energy dissipated by the nanoparticles is influencing the
melting behavior of the FCT-GEL samples. Since no macroscopic
heating is observed in the LF-MFH measurements of FCT-GEL samples,
the observed shift in Ty, with excitation amplitude is evidence for local
heating or mechanical strain effects in the immediate vicinity of MNPs.
Additional measurements should be undertaken to further explore the
observed dependences, and investigate their origins.

The increase in Az amplitudes during the FCT-GEL melting transi-
tion are a result of the number of particles which are free to rotate, and
thus contribute to the overall signal increasing. The increase in the
phase lag during melting might be at first counterintuitive, as the ad-
ditional availability of the Brownian processes after melting might be
expected to facilitate a reduced phase lag. One possibility for the ob-
served ¢3 behavior during melting could be disruption resulting from
interactions between particles. For example, freed MNPs could form
dipolar chains which would inhibit the magnetization rotation.
Additional measurements (e.g. frequency dependence and different
particle systems) would be needed to investigate the true cause.

The solidified FCT-GEL and freeze-died samples might be expected
to exhibit similar temperature dependences, as nanoparticles in each
are immobilized by the surrounding matrix. The observation of oppo-
site trends in the A3 of each sample (Fig. 3(a-b)) may be explained by
the immobilization offered by gelatin being less complete than that
offered by the freeze-drying process. Especially at higher field ampli-
tudes, some MNPs may be able to gradually rotate within the gelatin
matrix to align with the field, and increase the signal amplitude. In
addition, the distribution of different particle sizes, magnetic moments,
magnetic core arrangements and other characteristics mean that dif-
ferent MNPs in the sample will interact differently with the surrounding
matrix. As a result, some nanoparticles may break free from their local
matrix (via mechanical strain, heating, or a combination thereof) before
others. This may explain the gradual creep upwards in the solidified
FCT-Gel A3 before the main melting transition. Additional measure-
ments would be required to test this hypothesis.

The authors stress that the reported evidence for nanoscale effects
during MPS of FCT-GEL samples does not necessarily mean that MPS or
MPI measurements impact in any negative way on living tissue.
However, the measurable shifts in melting behavior at different ex-
citation fields suggest that additional studies should be undertaken to
test the impact of MPS and MPI measurements on their local environ-
ment during MPI and MPS. These studies should test for cell reactions
including oxidative stress, cytokine response, the tracking of heat-shock
proteins, and physical damage to cell membranes. The minimization of
cell stress as a result of local particle-matrix interactions induced by
MPI or MPS excitation fields may become a key consideration in the
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future design and development of MPI tracers and scanners.

It should be noted that the disparity between the frequencies in the
MPS-3 and LF-MFH measurements reported here is not ideal. To im-
prove the study, heating and MPS measurements conducted at the same
frequency, (or even in the same measurement system) would be op-
timal. Work is currently underway to expand the frequency range
available in the LF-MFH apparatus to allow measurements across a
wide range of frequencies (including 25 kHz to match the MPS-3). The
authors anticipate the publication of further studies including LF-MFH
results at 25 kHz and other frequencies at a later date.

The measurements reported here have only dealt with single-axis,
single-frequency homogeneous excitation fields provided by the MPS-3.
The frequency dependence of the MPS FCT-GEL melting measurements
should also be studied in future work. Suitable MPS systems with
variable frequencies are already operational within other research
groups [36]. Further studies should also be conducted to investigate the
particle-matrix interaction in the presence of the typical 3-axis excita-
tion fields and additional strong magnetic field gradients of up to 2.5 T/
m commonly used in commercially available preclinical MPI scanners.
Measurements should also be expanded to study the particle-matrix
interactions of other MNP tracers during MPS and MPL

6. Conclusion

Experimental evidence has been presented for the detectable mod-
ulation of particle-matrix interactions via the amplitude of the MPS
excitation field. For FCT particles, LF-MFH measurements of high
concentration samples demonstrated that individual MNPs do dissipate
sufficient heat into their surroundings to produce a bulk macroscopic
temperature rise. Measurements of low concentration samples using the
same excitation fields showed that no macroscopic heating was pro-
duced, despite the particles still undergoing the same dissipative re-
laxation process. Temperature dependent MPS measurements were
used to probe the melting behavior of dilute FCT-GEL samples, with a
clear signature of the melting event present in both the Az and ¢@3. The
onset of the FCT-GEL melting transition was found to occur at lower
MPS temperatures for larger excitation field amplitudes. Between ex-
citation amplitudes of 6 mT and 25 mT, a 2.3 K shift in the onset of the
melting transition was observed. At present, our measurements do not
extend to lower excitation amplitudes, but we extrapolate that the real
shift in melting behavior between zero-field and 25 mT will be even
larger. So far, our measurements are unable to differentiate between
effects arising from local microscopic heating close to individual na-
noparticles, mechanical forces exerted on the immobilizing matrix, or
other unknown contributions. Nevertheless, our results suggest that
careful evaluation of the microscopic cellular impact of MPI and MPS
measurements should be undertaken, to verify whether the particle-
matrix interactions translate into real physiological strain.
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