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One of the simplest way to characterize the heating efficiency of magnetic fluids used in hyperthermia treatment
is the calorimetric measurement of the specific loss power with direct temperature detection. However, the
performance of metallic sensors in an alternating magnetic field is degraded by the self-heating of the probes,
and electromagnetic interference can be also significant. In our double cell differential thermometric system
these disturbing effects can be compensated. Specific loss power measurements of EMG700 magnetic fluid
with negative temperature coefficient thermistors in differential configuration are presented, and control
measurements were performed with an optical fiber thermometer in f =470 kHz-1020 kHz frequency and
H =0.13kAm™'-1.19 KAm~! magnetic field strength range. We found that the specific loss power is proportional
to the frequency and shows a quadratic dependence on the field strength in the low field strength region,
therefore we calculated the intrinsic loss power of the fluid from the measured specific loss power. At this

field conditions intrinsic loss power up to 0.53 nHm? kg~

" was determined.

1. Introduction

Colloidal suspensions of magnetic nanoparticles (magnetic fluids) in
an alternating (AC) magnetic field with appropriate frequency produce
heat mainly due to various relaxation mechanisms (e.g. Néel and Brow-
nian relaxation) [1, 2]. In hyperthermia treatment, these relaxation
mechanisms are exploited when a local temperature rise (T > 42°C)
is induced in biological tissues loaded with magnetic nanoparticles
(MNPs) [3, 4].

The heating efficiency is quantified by the specific loss power (SLP)
[51, which gives the power loss of the material normalized by the mass
of the magnetic nanoparticles. The value of SLP strongly depends on the
H amplitude and f frequency of the applied field, but these conditions
are equipment specific and vary with different measurement setups.
For this reason, the use of the intrinsic loss power (ILP) defined as
ILP = SLP/(H? f) is strongly recommended [6]. This definition is based
on the linear response theory (LRT) [7], which can be applied only in a
limited range of magnetic field strength, frequency, and core diameter
of the magnetic particles. The application of LRT is valid, when there
is a linear relationship between magnetization (M) and magnetic field
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strength, while the particles have a mono-domain structure and show
superparamagnetic behavior in the liquid phase. Under these assump-
tions the ILP allows the direct comparison of the heating efficiency of
MNPs measured during different field conditions [6, 8].

To determine the power loss, most commonly a non-adiabatic calori-
metric method is used [5, 9, 10] because of the complexity of the
adiabatic measurement systems [11]. If the temperature rise caused by
the alternating magnetic field is measured [12] under non-adiabatic
conditions, then the power loss can be calculated from the initial slope

% )1_0) of the heating curve as Equation (1) [5]:
c,m
sip= 27 4T\ ¢))
mynp At li=o

where ¢, is the specific heat capacity at constant pressure, m; is the
mass of the fluid, and myp is the mass of the magnetic nanoparticles.
Previously, a double cell thermometric system for laboratory use
was proposed to determine the SLP values of magnetic fluids with low
cost sensors (type K and T thermocouples, and Pt100 resistance temper-
ature detector (RTD)) in differential measurement mode to compensate

the self-heating of the sensors [13]. Skumiel and his coworkers [14]
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Fig. 1. Block diagram of the double cell calorimetric measurement setup for magnetic hyperthermia.

compared different temperature sensors (including optical fiber sensor
and type K thermocouple) to determine the SLP values of a magnetic
fluid in a single coil measurement system. In this paper first in the lit-
erature NTC thermistors are applied in hyperthermia experiments for
differential temperature measurement under the influence of external
AC magnetic fields. The thermistors are connected as the variable ele-
ments of a Wheatstone-bridge, and the differential signal is processed
by an instrumentation amplifier to provide high common mode AC re-
jection. With a modified system the SLP is determined in an extended
frequency and magnetic field strength range compared to our previ-
ous setup. The usability of NTC thermistors in differential configuration
was tested under various magnetic field conditions, and the limits of the
applicability were also mapped. The NTC thermistors have higher sen-
sitivity to the temperature changes and may be therefore more suitable
to detect the heating curves during hyperthermia measurements. Ref-
erence measurements were performed using semiconductor based fiber
optic thermometer, which is immune to AC magnetic fields. Further-
more, by determining the field strength and frequency dependence of
the SLP the assumptions used for the definition of ILP were tested in the
low field strength region.

2. Experimental
2.1. Hyperthermia measurement system

The details of the calorimetric hyperthermia apparatus with differ-
ential temperature measurement are given in reference [13]. Here, only
the most important aspects and changes made to the system are out-
lined. The block diagram of the modified complete measurement system
is shown in Fig. 1.

Our hyperthermia setup uses a magnetic field generator based on
a resonant tank (LC) circuit, which is driven by an inverter circuit.
The inverter contains four power transistors (IRF510 power MOSFETs
(Vishay)) as switching elements in full H-bridge configuration. The
MOSFETs are controlled by two complementary pulse width modulated
(PWM) signals with dead time, which are generated by a National In-
struments (NI) USB-6221 data acquisition (DAQ) card. The amplifier
circuit is fed by a high performance HP6030A power supply.

The LC circuit is made up of two identical hollow core copper tube
solenoids (L; and L,) connected in series with a capacitor bank. The
temperature of the coils, and therefore the temperature of the sample is
kept at a constant T' = 37 °C by circulating thermal fluid through the hol-
low solenoids. During the recording of the heating curves the T =37°C
environmental temperature was the initial temperature to simulate the
thermal conditions during clinical treatments. The frequency of the AC

field is adjustable between f =470 kHz-1020 kHz by changing the res-
onant frequency of the LC circuit in discrete steps. This is achieved by
replacing the capacitor bank manually. The banks are made of high
quality mica capacitors (Cornell Dubilier) to avoid frequency drift due
to heating.

The strength of the generated field can be set by limiting the current
flowing through the LC circuit, which is measured as a voltage drop
over a 0.5 Q shunt resistor. The magnetic field strength is calculated us-
ing the geometry of the coils and the measured current. The maximum
peak amplitude of the field is H, = 1.19+0.02 kAm~! at maximum feed-
ing current. For the determination of the SLP the low magnetic field
strength is beneficial because disturbances are less likely to interfere
with the measurement. Most ferrofluids used in medicine have nearly
similar particle diameter and this property is consistent with the ap-
plicability of ILP. Therefore, measurements at low field strengths can
be used to extrapolate applicability to clinical conditions. Under clin-
ical treatments the product of frequency and field strength should not
exceed 4.85 x 108 Am~'s~! (Brezovich criterion) [15]. The operating
frequency and field strength range of our apparatus is chosen to remain
below or slightly above this limit.

2.2. Differential thermometer

In the differential thermometric system two temperature sensing ele-
ments are connected together, forming a differential thermometer. One
side is placed into the magnetic fluid sample, while the other side is im-
mersed in a reference material. The basic configuration of our system
was described in detail in reference [13]. There were changes in the
sensing circuits to adapt to new type of sensing elements such as NTC
thermistor. The signal of the sensing circuits were measured by the NI
DAQ card.

The differential temperature measurement with NTC thermistor is
similar to the differential Pt100 RTD measurement. The sample and
the reference thermistors are connected in a Wheatstone-bridge circuit
(Fig. 2). The temperature difference between the two sides unbalances
the bridge and creates voltage difference which is proportional to the
temperature difference. The gain factor of the INA125 (Burr-Brown)
instrumentation amplifier is G = 10. The resistance of the glass bead
NTC thermistors (Tewa) is 10 kQ with B value of 3950 K. The diameter
of the sensor is 1.74 mm. The sensitivity of the differential thermometer
with NTC thermistors is significantly larger (-72.3 mV°C™!) than with
the previously used type K and T thermocouples and Pt100 RTD sensors
(3.7mve°C~!, 3.8 mV°C! and 3.7 mV°C™! respectively). Therefore, the
heating curves are smoother and the signal noise is below the resolution
of the sensor. Thermistors have nonlinear characteristics, but in our
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Fig. 2. The NTC thermistor temperature measurement circuit (a). T indicates
the sensor in the sample side and T} indicates the sensor in the reference side.
One of the NTC thermistor is shown on the right side (b).
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Fig. 3. Magnetization curve of the EMG700 magnetic fluid at T =25°C. The
inset shows the initial part of the magnetization curve.

case the temperature change is small (under 5°C) and in this range the
nonlinearity of the thermistors does not degrade the accuracy of the
differential thermometer compared to thermocouples and Pt100 RTD.

2.3. Materials

For the tests a water based magnetic fluid (EMG700, FerroTec) with
a high nanoparticle content was chosen. The magnetization curve of
the fluid is shown in Fig. 3, which was measured by a vibrating sam-
ple magnetometer (VSM 880, ADE Technologies). It can be seen in the
inset graph, that the relationship between M and H is linear in the
range of the SLP measurements. Furthermore, the absence of remanent
magnetization after repeated magnetization cycles indicates a super-
paramagnetic behavior. The fluid contains magnetite (Fe;0,) particles
with a nominal diameter of ~ 10 nm (manufacturer data). The volume
concentration of the magnetite nanoparticles was 5.8% (manufacturer
data). The mass concentration of the nanoparticles was measured by
drying method. The calculated mass concentration was 40.6% with rela-
tive standard uncertainty of 0.69%. The reference material was distilled
water. The volume of the samples and the references in the heating
experiments was 3.00 cm>. The ¢, specific heat capacity of the mag-
netic fluid at T = 37°C was 2.900 + 0.012 kJ°C~'kg™! (measured with
a Setaram C80 differential scanning calorimeter at constant pressure).
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The relative standard uncertainty of the ¢, value is 0.41%. We note,
that it is a common practice to assume that the c, of the fluid equals
to the ¢, of the carrier liquid at low MNP concentration (in our case
Cpwater = 418 kJ °C~'kg™!). However, at higher concentration this as-
sumption is invalid, and can lead to a significant error [16], thus we
used the measured c, values for further calculations.

2.4. SLP calculation

For the calculation of the SLP of the magnetic fluid the time depen-
dent heating curves were measured at multiple magnetic field strengths
and frequencies. The length of the data collection was around 100 s. The
initial slopes were calculated from the first parts of the curves as close
as possible to turning on the magnetic field. Because electromagnetic
noise transients appeared during the first few seconds of the heating
curves this part of the curves were ignored. The 6 s <t < 80 s interval
of the curves was fitted by linear least squares regression, and the ini-
tial slope was calculated using this section of the curves. In this interval
the heat transfer seemed to be negligible, the curves were linear. Us-
ing the measured specific heat capacity at T =37 °C, the concentration
of the MNPs, and the initial slope, the SLP of the fluid was determined
according to Eq. (1).

In case of every magnetic field strength and frequency three heating
curves were recorded. The initial slopes were determined from each
curve and their average together with the standard deviation were
calculated. To estimate the error of SLP determination the combined
standard uncertainty of the SLP was calculated according the equation
in [17] (using the standard uncertainty of the heat capacity measure-
ment and the standard uncertainty of the MNP concentration).

The error of the ILP was estimated by calculating the combined stan-
dard uncertainty using the uncertainty of the SLP determination, the
magnetic field strength calculation (3.1%) and the measurement of the
frequency (0.21%).

3. Results and discussion
3.1. Self-heating of the temperature probes

In magnetic hyperthermia the performance of metallic sensors in an
alternating magnetic field is degraded by the self-heating of the probes
[14]. The immunity of the differential thermometer with thermistors
to electromagnetic interference and self-heating was tested. Both of the
sample and the reference side were filled with distilled water. While
one of the sides was in the solenoid the other side was immersed into
the water bath of a Huber K6 thermostat to keep the temperature at
constant 7' =37 °C. In this configuration only one side of the differential
thermometer was under the effect of the AC magnetic field. In this case
the recorded curve was proportional only to the self-heating. Both of
the probes were tested separately in reversed configuration too.

The magnetic field strength was H, =0.44 kAm~! and the frequency
was set to 470 kHz during these tests of the sensor elements. The length
of the measurement was 10 min. The relative temperature increase was
converted into absolute temperature (Fig. 4). Examples from the tem-
perature curves recorded during single measurements of the individual
probes and in the differential configuration are shown in Fig. 4.

In case of individual thermistor sensors a temperature increase of
0.13°C was observed (Fig. 4 (a)). The initial small rise seen in the first
few seconds was caused by the fact that the two thermistor sensor ele-
ments of the two sides were not perfectly identical, but the symmetry of
the two probes was acceptable. The fluctuation on the reference graph
was probably caused by the thermostat.

In the differential configuration the effect of self-heating was can-
celed out; there was no significant temperature change (under 0.04°C)
in differential signal after the initial rise (Fig. 4 (b)).
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Fig. 4. The individual signals (single measurements) of the sample and reference probes of the differential thermometer using water blanks in case of thermistor
probes in a H, =0.44 kAm™' and f =470 kHz magnetic field (a). The figure on the bottom (b) shows the compensated self-heating in the differential configuration

of the same probes in water blanks under the same AC magnetic field.
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Fig. 5. Single measurement example from the heating curves of EMG700 fluid with the thermistor sensors at f = 600 kHz and different field strength (a) and at
H,~0.44 kAm™' and different frequencies (b). The gray area indicates the range where the initial slope was calculated. The temperature difference is measured

compared to the T'=37°C initial temperature.

3.2. Temperature measurement of the fluid

The temperature increase of the magnetic fluid was recorded in dif-
ferential mode using the thermistor sensors at different frequencies and
magnetic field strengths. Control measurements were conducted with
FOTEMP-OEM-PLUS (Weidmann Optocon) thermometer and TS4 fiber
optic temperature sensor. The TS4 sensor is based on a GaAs semicon-
ductor crystal.

The magnetic field strength was set between 0.13 kAm~! and
1.19 kAm~! by setting the feeding current of the inverter circuit be-
tween 300 mA and 800 mA. The same feeding current at different
frequencies results in a slightly different (by 5.5%) field strength value.

3.2.1. Thermistors

In Fig. 5 an example of the recorded heating curves with thermis-
tor sensors is shown at f =600 kHz and different field strength (a) and
at H, ~ 0.44 kAm~! and different frequencies (b). The temperature in-
crease was steady and near linear after 6 s in all other frequency and
field strength cases too.

Satisfactory measurement results were obtained between 0.13 kKAm~™
and 0.70 kAm~! at all frequencies. However, at larger frequencies

1

(above 825 kHz) combined with field strength above 0.70 kKAm~! the
electromagnetic noise becomes significant with increasing frequency
even in the differential configuration, and cannot be fully compensated,
which limits the usability of the thermistor sensors. If the frequency is
limited, then the noise remains acceptable up to the maximum field
strength of our setup (H, =1.19 kAm™!). The specific frequency and
magnetic field strength range where the thermistors in differential con-
figuration can work properly is shown in Fig. 6.

The signal noise of the thermistor sensors was lower compared to
the previously used thermocouples (Fig. 7). The higher sensitivity of
the thermistors enables the detection of smaller temperature changes,
which could be an advantage for the measurement of the SLP especially
at low field strengths.

3.2.2. Fiber optic temperature sensor

Except for the lowest magnetic field strength in all other cases a
control measurement was performed with fiber optic temperature sen-
sor. This instrument is immune to electromagnetic interference and
self-heating, therefore enables the measurement of temperature under
the effect of AC magnetic fields, and can be used as a reference. Al-
though the resolution of the fiber optic thermometer is limited (0.1°C,
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Fig. 7. Comparison of signals of the type T thermocouple, NTC thermistor and
fiber optic thermometer. The temperature difference is measured compared to
the T'=37°C initial temperature.

see Fig. 7), the correlation between the values measured by the opti-
cal and thermistor sensors is good (Fig. 8). The sudden rises seen in the
curve of the fiber optic sensor were due to the operating characteristics
of the instrument, which appeared without the AC magnetic field as
well. In case of the lowest magnetic field strengths (below 0.45 kAm™')
the temperature increase was too low to be detected with the resolution
of the fiber optic thermometer.

The precise determination of % 0 requires a reliable method to

record the temperature increase. The resolution (0.1°C) and the re-
sponse time (500 ms) of the FOTEMP-OEM-PLUS instrument are com-
mon parameters among fiber optic thermometers. In our measurements
there was no rapid temperature rise, but at larger field strengths the
temperature increase can be multiple times larger. In that case, due to
the relatively larger response time, the temperature change cannot be
accurately detected by the fiber optic sensor. The problem is similar at
small temperature changes: due to the low resolution the linear part
of the heating curve is not visible. In case of the lowest magnetic field
strength there are no control measurement for the thermistor data due
to the above mentioned limitation of the fiber optic thermometer.
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Fig. 8. Comparison of the heating curves measured with the fiber optic ther-
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strength at f =600 kHz (single measurements). In case of the fiber optic ther-
mometer no measurement was made below 0.44 KAm~'. The temperature dif-
ference is measured compared to the T =37°C initial temperature.

3.3. SLP and ILP of the fluid

To calculate the SLP values of the fluid Eq. (1) is used. The results
are summarized in Table 1 together with the ILP data. The average
relative error of the % - calculation is 0.5% (0.4 x 104°Cs™!). The
values measured with thermistors are slightly smaller (by average of
6.6%) compared to the fiber optic thermometer. Larger deviation is
only detected in case of the lowest and the highest frequencies (18.2%
and 15.7% respectively). If the results of our previous study obtained
with thermocouples and Pt100 RTD thermometer [13] are compared,
those values are slightly larger than the present fiber optic thermome-
ter data, the relative difference is 9.4%. The average relative error of
the % - calculation in case of type K and T thermocouples and Pt100
RTD were 1.2%, 0.5% and 1.3% respectively. After normalizing the
SLP values by the frequency and field strength the resulting ILP val-
ues became comparable with other studies [6, 8]. The ILP values of
the EMG700 fluid measured with the thermistor sensors were between
0.34+0.02 nHm?kg™! and 0.53 + 0.03 nHm?kg~!, which are character-
istic to fluids containing MNPs with a magnetic core diameter smaller
than 9.5 nm.

In the definition of the ILP it is assumed that the linear response
theory can be applied [7, 18] in the appropriate particle size range. As
a consequence, the SLP of fluids containing small (d < 10 nm) MNPs
should be proportional with the frequency and would have a quadratic
dependence on the amplitude of the magnetic field, as it was shown
by Cobianchi and his coworkers [19]. Commonly the SLP is measured
at larger field strengths up to ~ 20 kAm~!. The use of the ILP should
be reasonable in the lower field strength regime (H, <1 kAm™1) too,
but it is rarely verified experimentally. Here, the dependence of the
SLP on f and H, below 1 kAm™! is tested, and it is found that in case
of the EMG700 fluid the linear and quadratic dependence (SLP « H¥,
where x =~ 2) holds, respectively (Fig. 9). This behavior is characteristic
to other magnetic fluids too, which show superparamagnetic properties.
On the other hand, outside the superparamagnetic domain, such as in
case of ferromagnetic particles, the field strength dependence deviates
from the quadratic relation, as x > 2. In this region instead of the LRT
the Stoner-Wohlfarth model can be used to evaluate the field strength
dependence of the SLP [19].
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Table 1. The initial slopes of the heating curves and the derived SLP and ILP values of the EMG700 fluid at different

frequencies and magnetic field strength. The values are

averages of three individual measurements.

Thermistor Fiber optic thermometer
f H, dT /dtl,_, SLP ILP dT /dtl,_, SLP ILP
(kHz)  (kAm™) (cCs'x10™)  (Wg™h (mHm?’kg™)  (Cs'x10™)  (Wg™) (nHm?kg™")
470 0.15 7.3+0.1 0.005+0.001  0.50+0.03 - - -
470 0.44 63.0+0.1 0.045+0.001  0.50+0.03 77.1+6.5 0.055+0.005  0.62+0.07
470 0.75 172.1+0.3 0.123+0.002  0.47+0.03 185.2+6.0 0.132+£0.005  0.50+0.04
470 1.15 436.1+1.1 0.312+0.006  0.50+0.03 470.4+5.5 0.336+0.007  0.54+0.04
600 0.16 7.0+0.1 0.005+0.001  0.34+0.02 - - =
600 0.44 75.8+0.2 0.054+0.001  0.46+0.03 80.9+3.9 0.058+0.003  0.49+0.04
600 0.77 208.7+0.4 0.149+0.003  0.42+0.03 216.1+4.3 0.155+0.004  0.44+0.03
600 1.13 545.7+1.7 0.390+£0.007  0.51+0.03 589.7+1.1 0.422+0.011  0.55+0.04
825 0.14 11.9+0.1 0.009+0.001  0.53+0.03 - - -
825 0.40 93.3+0.2 0.067+£0.001  0.50+0.03 93.8+4.1 0.067+0.003  0.50+0.04
825 0.70 270.7+0.7 0.194+0.003  0.48+0.03 252.7 +4.4 0.181+£0.004  0.45+0.03
825 1.19 - - - 718.3+13.8 0.514+0.013  0.44+0.03
1020  0.13 9.7+0.1 0.007+0.001  0.38+0.03 - - -
1020  0.46 108.2+0.2 0.077+0.001  0.36+0.02 128.4+5.2 0.092+0.004  0.43+0.03
1020  0.70 = - = 348.1+4.7 0.249+0.006  0.50+0.03
1020  1.19 = - = 1019.5+10.0  0.729+0.015  0.51+0.03
0.25 0.6
= H;~0.15 kA m’ - m 470 kHz
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Fig. 9. Curves of the frequency (a) and magnetic field (b) dependence of the SLP. Symbols indicate the data points with error bars and the lines indicate the fitted
curves. In most cases, error bars are smaller than the symbols. The data points measured at the maximum field strength and frequency are omitted due to the
incomplete datasets.

4. Conclusions + Reference measurements were carried out with fiber optic tempera-

» Modification of a previously described double cell calorimetric SLP
measuring setup with a thermometer based on thermistors in dif-
ferential configuration has been presented. The measuring system
is capable to determine the SLP, and through that the ILP value of
magnetic fluids in wide frequency (470 kHz to 1020 kHz) and mag-
netic field strength range (0.13 kKAm~! and 1.19 kAm~!). With this
low magnetic field strength and high frequency, the product of H,
and f is below the Brezovich criterion in the majority of field con-
ditions, where the measurements with the thermistors were made.
The frequency of the AC field can be adjusted by manually chang-
ing the capacitor bank.

It was shown that the NTC thermistors in differential mode are
suitable for determining the SLP value of magnetic fluids. The self
heating of the sensors is compensated in the investigated frequency
and field strength range, but the electromagnetic interference im-
poses a limit on the usability at larger field strength combined
with larger frequency. The sensitivity of the differential thermome-
ter was improved with the thermistors compared to the previously
used thermocouples and RTD.

ture sensor immune to AC magnetic fields. The agreement between
values measured by the thermistor and the fiber optic thermometer
was good: the average difference between them was 6.6%. How-
ever, below 0.45 kAm~! the fiber optic thermometer was not able
to detect the small temperature change unlike the thermistor.

It was found that the dependence of the SLP on the frequency and
field strength below 1.2 kAm~! is similar to the case of stronger
fields. Therefore, it was verified that the use of the ILP is acceptable
in the investigated frequency and field strength regime too.
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