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1. Fields Simulation 
The spatially varied electric and magnetic fields E(x) and H(x) are calculated using 

the COMSOL Multiphysics [1]. After the fields have been simulated, their change along a 
specific axis on which the motion takes place, is estimated. Figure S1 shows the design of 
the coil-petri dish-phantom system that drawn within COMSOL. Due to the cylindrical 
symmetry of the device, the modeling takes place at the rz-plane and includes only the 
part where r> 0, in such a way that the rotation of this geometry around the z-axis recovers 
the full three-dimensional geometry. In this way the petri dish and the coil are designed 
in realistic dimensions in a two-dimensional model which gives us the advantage of sig-
nificantly less memory space and simulation time in relation to the three-dimensional ge-
ometry. 

 
Figure S1. Design of the coil-petri dish-phantom system in COMSOL. (1) is the phantom, (2) is the 
petri dish, (3) are the turns of coil and (4) is the water flowing inside the coil cooling system. The 
green dot indicates the point at which the temperature is measured by the fiber. 
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In this work there was a need to find the distribution of magnetic and electric field in 
space. The solution of electromagnetic problem through COMSOL has been previously 
reported for the same conditions (f = 375 kHz, I = 160 A and current density J = 1.5x107 
A/m2). The magnetic and electric field spatial distributions were obtained as the solution 
of the quasi-static equation for the azimuthal component of magnetic potential, Α = Aφeφ, 
and the characteristic material properties defined were the electric conductivity and mag-
netic permeability. In the time-harmonic case the equation describing the problem is: (𝑗𝜔𝜎 − 𝜔 𝜀 𝜀 )𝛢 𝑒 + 𝛻 × 𝜇 𝜇 𝛻 × 𝛢 𝑒 = 𝐽 𝑒   (S1)

where ω is the radial frequency, μ0 is the permeability of free space, μr is the relative per-
meability, σ the electric conductivity and ε0 and εr the permittivity of free space and the 
relative permittivity. The azimuthal component of the external current density, 𝐽 𝑒 , in-
duces an alternating current given by 𝐽 𝑑𝑆 = 𝐼, where S is the cross-sectional area of 
the coiled wire and I the electric current intensity, provided by the current source to the 
coil. 

Figure S2a,b shows the obtained distribution of the magnetic and electric field in 
space, respectively. The electric field shows a maximum at the point, which is above the 
coil turns, so in this area there will be higher Eddy currents and thus higher heating as 
derived from equation (5) of the main manuscript. 

 
Figure S2. Spatial distribution of magnetic flux density (a) and electric field (b) obtained after FEM 
simulations of the experimental scheme. 

In order to find the analytical expressions that describe the axial behavior of the mag-
netic and electric field, through COMSOL, their distribution was found along the axis 
movement (r-axis) of the optical fiber tip. The tip of the optical fiber is located 1mm above 
the bottom of the petri dish and so the axis along, which the cross-sectional distribution 
of H(r) and E(r) is estimated, is parallel to the bottom of the petri dish, 1mm above it and 
extending from 0 to 0.08 m, as shown in Figure S2a,b. 

Figure S3a shows the radial distribution of the electric field on the axis of motion of 
the optical fiber tip for 0 m ≤r≤ 0.08 m. For the section -0.08 m ≤r≤ 0 m the distribution is 
symmetric, since the system has axial symmetry on the z axis. At the point r = 0m the 
electric field is zero, with the result that the Eddy currents are zero and therefore the heat-
ing of the model due to them, at this point, is zero. We do not expect, of course, in the 
experiment, that the increase in temperature measured by the optical fiber placed in the 
center of the HTP will be zero. The optical fiber was thought to be located just in the center 
of the HTP just above the center of the coil, which is experimentally impossible to achieve. 
Any deviation from this point results in the finite value of the electric field at the point of 
measurement of the optical fiber. This problem was addressed with a calibration of the 
utilized model. At r = 0 m, a suitable value for the electric field amplitude was given for 
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which the heating of the phantom in case of the non-moving coil was the same for both 
the experiment and the computational model. Figure S3(b) shows the radial distribution 
of the magnetic field, where a sharper decrease is observed in relation to the electric field. 
Thus, knowing the radial distribution of the electric E (r) and magnetic H (r) field, equa-
tion (7) of the main manuscript can be rewritten in the manner of the following equation: 𝑟 = 𝑟 sin(2𝜋𝑓 𝑡) (S2)

In Figure S3a,b red lines show the fitting of radial distributions. The analytical ap-
proximations found for E(r) and H(r) are described by equations (S3) and (S4), respec-
tively. For the fittings of radial field distributions, the coefficients of determination (R2) 
were 0.999 and 0.995 for the magnetic and electric field, respectively. 

𝐸(𝑟) = 𝑐 + 𝑞√2𝜋𝑤𝑟 𝑒 ln
 (S3) 

𝐻(𝑟) = 𝑞1 + (𝑞2 − 𝑞1) 𝑝1 + 10( ) + 1 − 𝑝1 + 10( )  (S4)

The fitting constants assigned to these analytical expressions along with their errors 
are shown in Table S1. 

Fitting constant Value Error (±) 
c 29.752 1.391 
q 8.516 0.073 
w 0.754 0.007 
r0 0.023 2.1 × 10−4 

q1 319,775 14.804 
q2 20768.586 135.786 
p 0.69 0.035 
c1 0.015 3.5 × 10−5 

c2 0.025 1.6 × 10−3 

h1 −166.241 4.894 
h2 −54.5 2.286 

 

Table S1. Values of constants after fitting the electric and magnetic field distributions. 

Hysteresis losses of the MNPs can be further defined as a function of the magnetic 
field by estimating the hysteresis loop area through the equation (S5) [2]. 𝐴 𝐻(𝑟) = 4𝑎𝜇 𝐻(𝑟)𝑀   (S5)

In equation (S5) Ms is the saturation magnetization that equals to 96.3 emu/g (Figure 
S15) and α is the “squareness”, a dimensionless parameter which shows the deviation of 
the hysteresis loop from a perfect square, that corresponds to oriented MNPs (α = 1), and 
is related to MNPs properties (size, material, degree of magnetic moments alignment to 
the magnetic field). For randomly oriented magnetite MNPs in the single domain regime 
α = 0.3 [3,4]. 
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Figure S3. Radial distribution of Electric field (a) and magnetic field (b). The red line corresponds 
to the analytical equation with which the fitting of fields distribution was performed. 

To define the heating losses as functions of the radial distance we proceed as follows: 
Equation (S4) is imported in Equation (S5), which in turn is imported in Equation (6) of 
the main manuscript, resulting in the calculation of the 𝑆𝐴𝑅 (r) for each position 
through which the sample passes. Also, for the Eddy current losses, equation (S3) is im-
ported in equation (5) of the main manuscript, and we end up with 𝑆𝐴𝑅 (r) relation. 
Thus, after finding of 𝑆𝐴𝑅 (r) and 𝑆𝐴𝑅 (r) relationships, the code can now estimate 
the temperature increase ΔΤ(r,t) in each position. 

2. PMF Hyperthermia: Optimum Operation Time 
Initially, different combinations of ON and OFF times with a constant duty cycle of 

33%, a value that has been already examined in a previous work [Error! Bookmark not 
defined.], were tested in order to characterize each magnetic field used, according to an 
optimum sequence. The evaluation was done by comparing the total time that the HTP 
sample holds a temperature of 𝑇 > 41℃, while the CTP sample lies in the field of 
MPH, 41℃ < 𝑇 < 45℃, (𝛥𝛵 < 4℃ 𝜅𝛼𝜄 4℃ < 𝛥𝛵 < 8℃, respectively) for the var-
ious ON/OFF combinations tested. In order to obtain the optimum results, the first time 
reported should be minimized, while the second should be kept as high as possible. This 
process was repeated for four different magnetic field values, typically used in MPH, 30, 
45, 60 and 70 mT. For the value of 30 mT, the temperature of CTP did not exceed the limit 
of hyperthermia in any ON/OFF combination, as shown in Figure S4, and thus no further 
examination was performed. For all the AMF amplitudes and a duty of 33%, the ON/OFF 
25/50, 50/100, 75/150 and 100/200 combinations were tested. 

 
Figure S4. Temperature increase for 30 mT PMF with 33% duty for HTP (a) and CTP (b). 
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For 45 mT AMF amplitude, the results for HTP and CTP are shown in Figure S5, 
while Figure S6 shows the total hyperthermia duration (period that the phantom lies in 
MPH window of 41–45 ℃) for CTP (at the top of column) and for HTP (at the bottom). 
The optimum combination, for which the CTP hyperthermia duration is quite high and 
simultaneously the HTP temperature did not exceed the value of 41℃, was found equal 
to ON/OFF = 50/100 s. 

 
Figure S5. Temperature increase for 45 mT PMF with 33% duty for HTP (a) and CTP (b). 

 
Figure S6. Total hyperthermia duration of CTP (at the top of column) and HTP (at the bottom) for 
45 mT and various ON/OFF combinations. 

For the 60 mT field and 33% duty cycle, the ON/OFF, 25/50, 50/100, 75/150 and 
100/200 combinations were also tested. The results of ΔΤ(t) are presented in Figure S7, 
while the hyperthermia duration in Figure S8. The optimal ON/OFF, for which the hyper-
thermia times of CTP and HTP are the highest and the lowest, respectively, (as compared 
to the other ON/OFF sequence) was found equal to 25/50. 
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Figure S7. Temperature increase for 60 mT PMF with 33% duty for HTP (a) and CTP (b). 

 
Figure S8. Total hyperthermia duration of CTP (at the top of column) and HTP (at the bottom) for 
60 mT and various ON/OFF combinations. 

Finally, for the AMF amplitude of 70 mT the ON/OFF sequence of 25/50 s is chosen 
as optimum combination for a duty of 33%. Since 70 mT is considered as a high field for 
MPH clinical application, the basic criterion is to keep the HTP sample duration as low as 
possible. With this way, although we exceed the limit of H × f, we succeed in minimizing 
the side effect in HTP, even for such a high AMF amplitude, and simultaneously maxim-
izing the damage in CTP sample. The results of temperature increase and hyperthermia 
duration for all the studied ON/OFF sequences are shown in Figures S9 and S10, respec-
tively. 
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Figure S9. Temperature increase for 70 mT PMF with 33% duty for HTP (a) and CTP (b). 

 
Figure S10. Total hyperthermia duration of CTP (at the top of column) and HTP (at the bottom) for 
70 mT and various ON/OFF combinations. 

3. PMF Hyperthermia: Optimum Duty Cycle 
We then proceeded in finding the optimum duty by keeping constant the ON-time 

value, which is now equal to the optimum one obtained previously. Thus, changing the 
OFF-time value, results for different duty cycle values are obtained. The various duty cy-
cles were evaluated again with two criteria: (i) HTP sparing, i.e. its temperature should 
not exceed the value of 41 ℃ and (ii) the maximum hyperthermia duration for the CTP 
sample. After this evaluation, the final optimal values of duty cycle were found for each 
magnetic field used (45, 60 and 70mT). 

For AMF amplitude of 45 mT, the optimum operation time was 50 s, as shown in the 
previous section. Thus, under ON-time = 50 s, the temperature increase was estimated for 
various duty cycles namely 67, 50, 33, 25 and 20% corresponding to ON/OFF = 50/25, 50/50, 
50/100, 50/150 and 50/200 s, as shown in the Figure S11. 
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Figure S11. Temperature increase under 45 mT PMF and various duty cycle values for HTP (a) and 
CTP (b). 

For AMF amplitude of 60 mT, the optimum operation time was 25 s. Thus, under 
ON-time = 25 s, the temperature increase was estimated for various duty cycles namely 
50, 33, 25, 20 and 17% corresponding to ON/OFF = 25/25, 25/50, 25/75, 25/100 and 50/125 
s, respectively, as shown in the Figure S12. 

 
Figure S12. Temperature increase under 60 mT PMF and various duty cycle values for HTP (a) and 
CTP (b). 

For AMF amplitude of 70 mT, the optimum operation time was 25 s and so the same 
duty cycles to the field of 60 mT were examined and presented in Figure S13. 
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Figure S13. Temperature increase under 70 mT PMF and various duty cycle values for HTP (a) and 
CTP (b). 

All ΔΤ(t) curves obtained for each magnetic field’s optimum conditions, during PMF 
hyperthermia, are presented in Figure S14. 

 
Figure S14. Temperature increase with time for PMF hyperthermia and the optimum ON/OFF val-
ues for each field, 45mT (black), 60mT (red) and 70mT (blue) in HTP (a) and CTP (b). 
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4. MNPs magnetic characterization 

 
Figure S15. The magnetization versus magnetic field, M(H), dependence for the magnetite MNPs 
sample. The magnetization curve was obtained with a vibrating sample magnetometer (VSM) at 300 
K under a static applied field of 1 T. Saturation magnetization was found equal to 96.3 emu/g. 
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