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Abstract:
The present study focuses on the examination of parameters affecting heating efficiency as expressed by
the specific loss power (SLP) in magnetic particle hyperthermia (MPH). Derived uncertainties were discussed,
along with their sources and possible minimization. It is a part of a work that includes experimental
examination of the measurement setup parameters that result on changes of the experimentally observed
temperature variations and ultimately affect dramatically the SLP estimation. For this purpose, magnetite
nanoparticles were used as typical magnetic hyperthermia samples. The experimental investigation in this
study records how the optical fiber sensor positioning as well as the differences in magnetic field distributions
associated with variable coil geometries may lead to errors in reporting experimental SLP values for magnetic
nanoparticle suspensions in alternating magnetic field.

A. Purpose of the STSM
The ultimate goal of this STSM was to provide a detailed description on the examination of parameters
affecting SLP along with the derived uncertainties, as well as their sources and possible minimization. This
includes experimental examination of the measurement setup parameters (such as various thermal
insulations, different vessel materials and shapes, variable thermometer positions and coil setups, frequency
and amplitude of AC field) that may affect the SLP estimation by changing dramatically the experimentally
observed temperature variations. Meanwhile, a fifteen days stay at the Hyperthermia Unit of the Erasmus
University Medical Center (a world leading unit in the field) working on a high-tech magnetic hyperthermia
device, under the guidance of Prof. Dr. Gerard van Rhoon and Dr. Sergio Curto, provided me with a chance to
deepen my knowledge in MPH, since it would provide the necessary conditions and facilities to work.

B.

Work Description

During my fifteen days stay at the hyperthermia laboratory of Erasmus MC, the experimental schedule
proposed in the project plan was followed.
More specifically, an introduction in the Magnetherm Nanotherics device function options was provided
to me by the members of Erasmus MC hyperthermia group. The familiarization in the operation capabilities of
such a high-tech and easy to operate induction heating system was performed in short-term period (one day)
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due to my previous experience in magnetic hyperthermia experiments in similar heating devices. Magnetherm
(figure 1 left) provides an adiabatic shield, insulates the sample, enables accurate positioning, provides
homogenous field strength over the sample, and can generate AC magnetic fields from frequencies of 100 to
1000 kHz at magnetic field amplitudes of 1 to 25 mT for testing different types of magnetic nanoparticles
(MNPs). The AC generator determines the current running through the induction coil, allowing control over the
amplitude and the frequency of the induced magnetic field inside the coil. Figure 1 (right) shows also a sketch
of the main parts that the commercial hyperthermia setup consists of. The thermometers, which in our case
were two optic fibers, measure the temperature inside the ferrofluid during a hyperthermia experiment and
the values recorded are stored via computer software. The solution of the nanoparticles inside a vessel, a glass
or plastic bottle, is adjusted in the middle of the coil. It is worthy to mention that the coil is surrounded by a
cooling system, necessary for the high current amplitudes of normal operation.

Figure 1. (Left) Commercial hyperthermia device Magnetherm, (Right) Schematic representation of a
typical hyperthermia setup.
Choosing the optimum magnetic nanoparticle system to continue with the SLP uncertainties examination
was the main goal of the second day’s experiments, including three MNPs systems, magnetites with small (10
nm) medium (20 nm) and large sizes (40 nm) as shown in TEM images in figure 2. Small and large size
magnetite particles (figure 2 middle and right image) were synthesized and brought from Thessaloniki, while
the commercial medium size magnetite sample (figure 2 left) was provided by nanoComposix. Due to the
excellent colloidal stability of commercial sample and based on its great heating efficiency results, it was
chosen as the optimum sample to move on with the SLP uncertainties examination.

Figure 2. TEM images of commercial 20nm (left), small 10 nm (middle) and large 40 nm (right) magnetites.
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Having two optical fibers, in every sample each time, for temperature recording, third day’s experimental
study was focused on finding the optimum optical fiber positions for temperature recording uncertainty
evaluation. After placing the optical fibers in all possible positions (on the top, in the middle or at the sides of
the testing tube as depicted in figure 3) the two optimum position combinations of positions A and B (middleside and top-bottom respectively) were chosen for studying the temperature recording uncertainties in the
following experiments.

Figure 3. Three different optical fiber positions correspond to change in the SLP uncertainty. Red and black
colors refer to optical fiber channel A and B respectively.
Having come to a conclusion on what MNPs sample and which optical fiber positions had to measure, an
experimental set of different frequencies and magnetic field amplitudes was planned until the end of the
working schedule. A wide AC magnetic field amplitude (0-19 kA/m) and frequency (0.1-1 MHz) range were
used, together with four different coil geometries (9 turns and 17 turns coils with 50 and 60 mm internal
diameter as it is shown in figure 4). By taking advantage of the four different magnetic field flux densities, all
possible combinations of magnetic field amplitudes with frequencies as well as with magnetic field flux
densities were carried out.

Figure 4. (From left to right) Four different coils (geometries) with 9 of 50 and 60 mm internal diameter as
well as with 17 turns of the same internal diameter respectively.
More specifically, heating efficiency of commercial magnetite sample was studied for each coil (magnetic
flux density), for all capacitor (5 capacitors correspond to 5 different frequencies) combinations, as well as for
two different optical fiber positions combinations (top-bottom, middle-side that correspond to positions A and
B of figure 3). Figure 5 presents all the possible coil capacitor combinations with its magnetic field amplitude
limitation and frequency dependence. It is clear that there is not a fixed magnetic field range for every
combination and the maximum magnetic field amplitude decreases for lower capacitor capacities that
correspond to higher frequencies. Due to this limitation, magnetic field amplitude of 7.2 and 10.4 kA/m were
chosen to be applied in all the experimental studies for comparison reasons and to have data for all possible
coil-frequency combinations.
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Figure 5. All possible coil-capacitor combinations that correspond to different frequency-magnetic field
range sets.
The hyperthermia effect was evaluated by measuring the specific loss power, which refers to the amount
of energy converted into heat (W) per time (Δt) and mass of the magnetic material (mFe in this case).
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where Cp is the specific heat of the solution, m f the solution mass and ΔT/Δt the initial slope of the heating
curve in a magnetic field, extracted from experimental data, before the effect of heat conduction becomes
important. In order to extract a more accurate SLP value, the reference signal due to the solvent (distilled
water) was subtracted from the measurement data, while the thermal losses to the environment occurring
during the experimental procedure were also considered in the SLP estimation. As shown in figure 6, the
experimental curve, where thermal losses occur naturally due to the lower surrounding temperature, is
substantially different from the ideal curve corresponding to zero thermal losses. Although the use of
insulation around the sample tube reduces heat losses, the heat transfer remains significant as the ‘‘plateau’’
occurrence in the heating curve suggests. In order to calculate the actual heating ability of the nanoparticles,
the measurements were corrected using the modified law of cooling (see reference of A. Chalkidou et al. /
Journal of Magnetism and Magnetic Materials 323 (2011) 775–780). For this reason magnetic hyperthermia
protocol of 5 minutes heating and 5 minutes cooling was followed in order to remove the environmental
o
heating losses if necessary. Coil cooling water temperature was set at 20 C using a closed refrigeration
system. After completing the experimental set, particular interest was given to update the SLP estimation
Excel file (provided by the company Nanotherics) that is used routinely for SLP estimations. All necessary
improvements with respect to SLP, specific absorption rate (SAR) and intrinsic loss power (ILP) were made,
given the corresponding references. Also, a manual sheet description of all possible coil-capacitor
combinations resulting to the corresponding AC frequencies and magnetic field amplitudes was completed and
left to the hyperthermia lab as a reference for upcoming magnetic hyperthermia experiments.
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Figure 6. Experimental heating stage of a MNPs sample under AC external magnetic field with naturally
occurring thermal losses due to different ambient temperatures and corresponding estimations under
adiabatic conditions.

C.

Results

Temperature distribution inside the sample volume is examined by performing identical experiments with
only difference in measuring point. The three different sets of two measuring points (Channel A, B located i.e.
at the bottom, in the middle, near the surface and at the side of the sample volume), were previously
presented in figure 3. These experiments are performed under constant setup parameters: keeping the
frequency as well as the magnetic field amplitude constant for 1.5 mL sample volume of 4 mg/mL MNPs
concentration. Positions A and B depicted in figure 3 (where optical fiber of channel A is placed in the middle
and near the surface of the sample volume respectively, while optical fiber of channel B is placed at the side
and at the bottom of the sample volume respectively) show a systematic temperature inaccuracy concluding
up to 16% variation (solid lines) in final SLP values as shown in figure 7 (this figure represents an example and
it is only a part of the whole data processing). In contrast, position’s B temperature recording results (optical
fiber of channel A is placed near the surface while channel’s B optical fiber is placed at the bottom of the
sample volume) lead to a 35% variation in the final SLP result (dash lines in figure 7).
Indicatively, figure 7 shows the dependence of SLP values for several frequencies, between 0.2-1 MHz, for
constant magnetic field amplitude (10.4 kA/m) using a 9-turns coil with 50 mm internal width. Major changes
in SLP values for the different optical fiber positions are observed mainly for the intermediate frequencies
(270-600 kHz) while SLP values insignificant changes were recorded for the highest (0.7-1 MHz) and lowest
(less than 200 KHz) frequencies applied. Interestingly, by changing the coil geometry (4 different coils were
tested), keeping the same parameters in the same time (magnetic field amplitude of 10.4 kA/m and frequency
between 150-170 kHz), the SLP dependence has been recorded as depicted in figure 8 (again this figure
represents only a part of the whole data analysis). It is clear that a change in coil geometry affects the SLP
values due to the presence of different magnetic flux densities. More specifically by using the 17 turns coil with
50 mm width (3rd coil from the left of figure 4) the SLP value appears enhanced when compared with the SLP
results taken for the other three coil geometries (figure 8). As a final goal, along with experimental data
analysis, Comsol Multiphysics will be used to model all the measurements performed in Erasmus MC
hyperthermia lab, in order to compare experimental results with simulations.
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Figure 7. SLP index dependence on frequency at 10.4 kA/m field amplitude, for different optical fiber
positions. Red and black correspond to middle-side while blue and green refer to top-bottom bottle positions
respectively.
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Figure 8. SLP index in comparison with 4 coil geometries at low frequency (150 kHz < f < 180 kHz) for
different optical fiber positions. Red and black correspond to middle-side while blue and green refer to topbottom bottle positions respectively.

D. Future collaboration with host institution
This STSM fostered the existing research network and the collaboration between the Magnetic multilayers research group from Aristotle University of Thessaloniki and the hyperthermia group of the department
of Medical Oncology located at Erasmus MC Daniel den Hoed Cancer Centre in Rotterdam, with both
institutions being currently concerned in finding new opportunities for common collaborations on research
grants.
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E. Expected Publications
Following the data analysis made during my STSM, a scientific paper entitled “An uncertainty free
measurement of the specific loss power of nanoparticles in alternating magnetic field” will be submitted to a
high impact journal, with the following acknowledgements “This research/study/work was supported by COST
Action BM1309 (COST EMF-MED).”

F.

Other Comments

I would like to express my special thanks of gratitude to the COST Action BM1309: European network for
innovative uses of EMFs in biomedical applications (EMF-MED), for supporting me in this Short Term Scientific
Mission, as well as my deepest gratitude to the host institute for the hospitality and for the opportunity to
work in such great working conditions in a so close to my research interests medical center.
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