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A system to evaluate nanoparticles efficiency in hyperthermia applications is presented. The method allows a direct measurement of 
the power dissipated by the nanoparticles through the determination of the first harmonic component of the in quadrature magnetic 
moment induced by the applied field. The magnetic moment is measured by using an induction method. To avoid errors and reduce the 
noise signal a double in phase demodulation technique is used. To test the system viability we have measured nanowires, nanoparticles 
and copper samples of different volumes to prove by comparing experimental and modeled results. 

Index Terms—Hyperthermia, in-phase demodulation, induced magnetic moment, magnetic nanoparticles, magnetism, nanoparticles. 

I. INTRODUCTION 

N OWADAYS the biomedical use of nanoparticles in di
agnostic and cancer treatments is becoming a hot topic 

and a great effort is done to develop its medical use [l]-[4]. 
In cancer treatment nanoparticles are commonly used to pro
duce hyperthermia [5], [6] and a great effort is dedicated to 
improve magnetic nanoparticles for their use in this applica
tion. The nanoparticles characterization for hyperthermia appli
cations is usually done by calorimetric procedures [7]-[10]; the 
temperature change with time for nanoparticles dispersed in an 
adequate media (i.e., agar+ agar) is measured when a high fre
quency magnetic field is applied. This method does not allow 
quantitative evaluations because the measured effect, the tem
perature change with the time, depends on parameters such us 
sample holder heat dissipation or its heat capacity. On the other 
hand, these methods require a large amount of nanoparticles. 
The development of measurement methods for fast and direct 
nanoparticle characterization can be an interesting task. The 
characterization system should allow the testing of small quanti
ties of nanoparticles in order to reduce time and cost of produc
tion. It is also desirable that these methods can perform measure
ments on samples with small amounts of nanoparticles in order 
to allow the study of the nanoparticles obtained by other flexible 
methods like sputtering, that produces typically few milligrams 
per hour [5]. 

In this work we propose to determine the nanoparticles ef
ficiency to produce hyperthermia by a direct measurement of 
the energy dissipated during its magnetization processes. The 
method allows the measurement of samples with tenths of mi
crograms. Besides it avoids one of the most usual problems, the 
sample heating by Joule effect in the production coils that is one 
of the major error sources in the calorimetric methods. 

II. EXPERIMENTAL SYSTEM 

In this work, we propose to determine the nanoparticles ef
ficiency to produce hyperthermia by measuring directly the en
ergy dissipated during their magnetization processes under the 
action of an AC magnetic field. Assuming that the magnetic 
field applied to the nanoparticles, H, is harmonic, and being Ho 
its amplitude, T the period, w the angular frequency, H = Ho 
sin(wt), the nanoparticles magnetization, M, can be written as a 
function of time as 

M — >J a,k sm(kwt) + bk cos(kwt) (1) 

being 

k=\ 

ak=- / M(t) cos(kwt)dt 
T 

bk M(t)sen(kwt)dt. (2) 

The density of energy dissipated in one hysteresis loop, Ws: 

Ws= ¿HdM 

T 

= / Hosm(wt)l \2(ak'wcos(kwt) — bkWsm(kwt))\dt 
I \k=i J 

= | ' ^ o (3) 

the power dissipated by the nanoparticles per unity of volume is 
then 

Ws w 
(4) 



Fig. 1. Inductive method. Being: L the solenoid to produce the H field, Np the 
nanoparticles sample, S the secondary coil to measure the Np magnetization 
changes, M the mutual inductance to compensate the H flux in S, R an non 
inductive resistance to measure H and to synchronize the Lock-in amplifier. 

So, their efficiency to produce hyperthermia can be determined 
by measuring the in-quadrature first harmonic amplitude of the 
magnetization. The in-phase term 

I T 2 (5) 

gives us the power interchanged with the applied magnetic field. 
In our case, the problem is reduced to determine the power dissi
pation of a small volume of nanoparticles, with a total magnetic 
moment m(H). 

To perform these measurements a simple inductive method 
can be used as the one schematized in Fig. 1 similar to that used 
in [11]. 

The electromotive force (EMF) induced in the secondary £ 
coil is produced by the changes in magnetization of the nanopar
ticles and by the field generated by the solenoid. This latter 
part is compensated with the variable mutual inductance M. The 
sources of errors in this experimental setup are: 

a) phase between the field and the reference depends on the 
frequency because of the auto inductance of the secondary 
coils; 

b) maximum current in the solenoid is also frequency depen
dant; 

c) temperature of the solenoids produces a drift on the H 
compensation in £. 

To solve these problems we have used a double in phase demod
ulation setup as shown in Fig. 2. We use two secondary coils SI 
that are in series opposition to compensate the magnetic flux 
produced by H. They are placed in the center of the solenoid L, 
where the field H is almost constant. In spite of that it is very 
difficult to obtain a perfect H flux compensation because of the 
inherent small differences between the two coils. To solve this 
problem other two coils S2 are added to the system. They are 
in the same support than SI coils and they are placed in the 
zone were the magnetic field produced by the solenoid changes 
abruptly. The number of turns of S2 coils (10 turns) is 20 times 
lower than S1 coils (200 turns) and the distance between S1 and 
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Fig. 2. Final measuring setup with a solenoid L to produce the H field, nanopar
ticles sample Np, set of secondary coils connected in series opposition SI, two 
other secondaries coils S2 connected in series with each one of the Slcoils. The 
nanoparticles samples Np moves in the region between the two SI coils. Sc is a 
secondary coil fixed inside L to generate the Lock-in reference signal, Ref 1. 

S2 coils has been calculated for the size of L to obtain a linear 
flux change as the coil system is displaced coaxially inside L. 
So, by displacing all these secondary coils system with a non 
metallic micro positioning, an almost perfect H compensation is 
obtained. The exciting magnetic field H is produced by the cur
rent flowing through the solenoid plus the magnetic field pro
duced by the eddy currents induced in the solenoid wires. So, 
the secondary and all the system has been carefully designed 
to compensate the signals induced for both fields and for the 
signals produced by the sample holder. The sample, Np, is dis
placed periodically by a mechanical actuator between the two 
main secondary coils SI (the period can be varied from 1 s to 15 
s) and 20 periods are digitized taking, at least, 60 measurements 
per period. By making a Fourier analysis of the measurement 
the maximum value of the signal induced in the secondary coils 
is obtained so the thermal drift and other noises are avoided. 
The distance between the two SI coils has been calculated to 
obtain a linear response and with maximum slope of the signal 
induced in the S1 coils when Np is displaced from one coil to the 
other. The main source of errors comes from an incorrect adjust 
in the phase of the lock-in amplifier reference signal. To avoid 
this problem, the reference signal Ref 1 is obtained from a very 
low impedance coil, Sc, placed in a fixed position inside the so
lenoid. The impedance of this coil, Lc, is much lower than the 
input resistance of the reference input of the lock-in amplifier 
Rref. Considering (1), the in-phase of the first harmonic induced 
EMF in the secondary coils system will be proportional to aiw 
cos(wt) — biw sin(wt), so the in-phase signal measured by the 
lock-in amplifier is proportional to ai w and the in-quadrature 
signal proportional to bi w. Another source of errors is found in 
the phase change due to secondary coils SI + S2 impedance Ls. 
To minimize this error the impedance has been reduced as much 
as possible being much lower than lock-in input impedance Rin. 
In any case we have 

R, ref rti7 

(6) 
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Fig. 3. In quadrature signal proportional to bi w, vs. applied field amplitude. 

The excitation current is obtained by using a quasi resonant con
figuration. Lw — l/wC2 is hold always positive and equal to 
1/wCi. In this way, with very low current and voltage excita
tion high magnetic fields, H, are obtained. The system can be 
calibrated by measuring a well known gold sample particle and 
all the measurements can be referenced to it. 

III. RESULTS 

To test the system we have selected copper (Cu) samples as 
they have magnetic moments induced as a result of the induced 
eddy currents. They can be measured in a similar way as mag
netic samples with their permanent magnetic moments. In a 
single model, one nanoparticle behaves like a small loop area 
S, with a resistance R and self-inductance associated V. It can 
be proved that, with this model, the power dissipated by Joule 
effect and the power interchanged with the applied field by the 
eddy currents induced are 

Wn 
2Ho< Mo*-

R2 + {L'wf 
WT. 

'Ho' Mô  

R2 + {L'wY 
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Fig. 4. Experimental results for the Cu samples. 
Whereas the EMF induced in secondary coils is 

Vquad K W2/JLQS2R Vphase K W2>IIQS2L' 

H 2 f f + (L'w) 2 ' H 2 f f + (L'w)2 

(8) 

being K a dimensional (m_ 1) constant that depends on the sec
ondary coil topology and its number of turns. The geometry of 
the samples measured was cylindrical with diameters of 2 mm, 
1 mm and 0.5 mm and lengths of 2 mm, 1 mm and 0.5 mm re
spectively. This kind of samples can be also analyzed by finite 
element model (FEM) simulations. 

Fig. 3 shows the measured in-quadrature EMF versus the ap
plied field amplitude for different frequencies. Similar curves 
were obtained for the three samples. As it can be seen, in the 
measured range, V versus H, curves shows a linear behavior. In 
Fig. 4 it is shown the slopes of these curves V/H, which are pro
portional to W/H (watt m2/A2), versus frequency. 

The functions used to fit experimental points have been: 

Vphase 

H 

w2a 
c + bw2' 

Vquad 
H 

wsa' 
c + bw2 (9) 

which are derived from (8). 
Fig. 5 show the results obtained from F.E.M. simulations to 

evaluate the induced currents and their relative phase with re
spect to the applied field. We use COMSOL ac/dc simulator to 
solve the Ampere Law for a harmonic solution considering the 
same Cu samples with the same geometry as those used in ex
perimental measurements (see Fig. 4). 

These curves show a magnitude proportional to the power dis
sipated in the sample as this is proportional as well to the in
duced current and the frequency. They are displayed as a func
tion of the frequency and so they are equivalent to those in Fig. 4. 
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Fig. 5. Results obtained from FEM simulations for the same geometries as 
measured samples. 

As it can be seen, there is a good agreement between the ex
perimental measurements and the results obtained from FEM 
simulations. It is interesting to remark the good agreement in 
the intersection point between the in phase and in quadrature 
curves. 

To prove the high sensitivity of the system we show in Fig. 6 
the results from measurements on 45 ¡ig of 30 nm diameter 1 \i 
length of Cobalt nanowires sample. In this case the in-quadra-
ture power is lower than in-phase one due to their high perme
ability and to the small size that reduces the eddy currents to 
almost cero. 

The main losses are due to hysteresis so the losses increase 
linearly with w. The same effect occurs for ferrite powder 
(spherical, 20 nm 0 , 5 mg). 
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Fig. 6. Power measured on Co nanowires samples with a diameter of 30 nm 
and 1 fj,ui length. 

IV. CONCLUSION 

We have shown that by using an inductive method it is pos
sible to obtain information about power dissipated by induced 
hysteresis effects in materials with very low dimensions. The 
system performs these measurements using an in phase double 
demodulation system that allows an accurate measurement of 
the first harmonic in-quadrature and in-phase amplitudes. Re
sults fit well with theoretical predictions. 
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