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de Bordeaux, Bordeaux. France

(Dated: 8 September 2015)

Magnetic fluid hyperthermia is a promising cancer therapy in which magnetic

nanoparticles act as heat sources activated by an external AC magnetic field. The

nanoparticles, located near or inside the tumor, absorb energy from the magnetic field

and then heat up the cancerous tissues. During the hyperthermia treatment, it is

crucial to control the temperature of different tissues: too high temperature can cause

undesired damage in healthy tissues through an uncontrolled necrosis. However, the

current thermometry in magnetic hyperthermia presents some important technical

problems. The widely used optical fiber thermometers only provide the temperature

in a discrete set of spatial points. Moreover, surgery is required to locate these probes

in the correct place. In this scope, we propose here a method to measure the tem-

perature of a magnetic sample. The approach relies on the intrinsic properties of the

magnetic nanoparticles because it is based on monitoring the thermal dependence

of the high order harmonic phases of the nanoparticle dynamic magnetization. The

method is non-invasive and it does not need any additional probe or sensor attached

to the magnetic nanoparticles. Moreover, this method has the potential to be used

together with the magnetic particle imaging technique to map the spatial distribution

of the temperature.
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I. INTRODUCTION

Tumor destruction with magnetic nanoparticles (MNPs) under an applied human toler-

able AC magnetic field is a promising cancer therapy called magnetic fluid hyperthermia

(MFH) or sometimes called magnetic hyperthermia1,2. The most common used heat-sources

are superparamagnetic iron oxide nanoparticles. These nanoparticles are also used as con-

trast agents in magnetic resonance imaging (MRI)3,4 and their spatial distribution can also

be acquired by the magnetic particle imaging (MPI) technique5,6, especially for in-vivo di-

agnostics, where this information is key for a proper magnetic hyperthermia treatment.

On the one hand, the control and mapping of temperatures in the tumor and the surround-

ing tissues is crucial during any hyperthermia treatment. The desired therapeutic effect may

not be achieved with a temperature increment lower than expected. On the contrary, an

excessive temperature increment can produce undesired damage to healthy tissues or too

many necrotic cells7. There exist only few systems to measure and control the temperature

in hyperthermia treatment. The use of optical fiber thermometry in magnetic hyperthermia

provides a good way to acquire in situ local temperature through the luminescence of a

semiconducting crystal (e.g. GaAs). However, it only provides the temperature in a discrete

set of spatial points and, in addition, the minimum size of the fiber tip is around 200µm

(and it is very fragile and sensitive to mechanical stresses). Moreover, surgery is needed to

place the tip in the desired place through a catheter, which may be extremely complicated.

Therefore, alternative remote sensing methods are subject of investigation. Some of them

are based on MRI techniques that exploit the change with temperature of proton density, of

T1 (longitudinal) water proton relaxation times, of water molecular diffusion coefficient or

of proton resonant frequency through a phase signal analysis8. Moreover, measurements of

T1 relaxation times that are accurate enough to infer the temperature can be very time con-

suming and very sensitive to mechanical factors such as animal breathing. Another proposed

method to control the temperature during magnetic hyperthermia treatment is the use of

self-regulated magnetic nanoparticles as heat sources9,10. The use of a lanthanide complex

absorbed on the nanoparticles for thermometry as molecular thermometric probe11, or the

anchoring of a thermo-sensitive polymer at the surface or outer shell of the nanoparticles to

modulate the MRI contrast12 are also subjects of investigation. For the same thermometry

purpose but not necessitating a chemical modification of the MNPs, Weaver et al.13 proposed
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a method based on the ratio of the 5th and 3rd harmonics of the magnetization generated by

magnetic nanoparticles, varying the amplitude of the sinusoidal field at a fixed frequency of

1.47 kHz.

On the other hand, one of the most important parameters of magnetic nanoparticles

design for magnetic fluid hyperthermia is their specific absorption rate (SAR). Two dif-

ferent approaches are used for SAR measurements. The most commonly used approach

is the calorimetric method, consisting in measuring heating rates from the initial slope of

temperature versus time14–16. However, there are many factors that affect the accuracy of

these methods17,18. An alternative approach consists in the measurement of the dynamic

magnetization versus applied magnetic field19,20. This method permits precise and quick

SAR measurements, allowing multi-parametric study for different frequencies, field intensi-

ties and as a function of temperature21,22. Using the fundamentals and advantages of this

last technique, we propose here an accurate, simple and fast method for monitoring and

controlling the temperature of magnetic nanoparticles during magnetic hyperthermia. The

method does not need any additional probe or sensor attached to the magnetic nanoparticles.

Fundamentally, it is based on the thermal dependence of the phase of the high order har-

monics of the nanoparticles response to the magnetic field variation. Also, the method can

be easily implemented to study the heat transfer between nanoparticles and the surrounding

medium or other phenomena related to magnetic nanoparticles, for instance magnetic field

induced drug-delivery.

Moreover, this method could be used together with the magnetic particle imaging tech-

nique to map the temperature. MPI measures the spatial distribution of the high order

harmonics (see references5,6). In this case, the spatial distribution of the harmonic phases

could be measured in order to map the temperature in the areas where the magnetic particles

are placed.

II. EXPERIMENTAL

The magnetic iron oxide nanoparticles are identical to those used in a previous work on the

comparison of SAR measurement by calorimetry and by AC magnetometry23. Briefly, a wa-

ter dispersed maghemite nanoparticle sample was prepared by the alkaline co-precipitation

route. This method usually leads to well crystalline and magnetic iron oxide nanoparticles
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but having a broad range of diameters. Therefore a size-grading process based on successive

phase separation by an added electrolyte was applied24, in order to isolate a fraction with

the largest diameters i.e. around 15-20 nm, still below the threshold size above which iron

oxide MNPs have their magnetic moments blocked at ambient temperature25. This sample

consists of water dispersion in acidic conditions (pH ≈ 1.9) of maghemite nanoparticles.

The iron oxide concentration was measured at 12 mg·mL−1 from a UV-vis measurement

compared to a calibration spectrum. The equivalent concentration of iron is 0.15 mol·L−1

and the solid volume fraction is 0.24 %.

The DC magnetization of the water dispersed nanoparticles was measured by vibrating

sample magnetometry (VSM). Fitting the Langevin function to the experimental DC mag-

netization, the mean size of the particles was obtained: 15 nm with a standard deviation,

σ, of 4 nm. The zero field cooling - field cooling (ZFC-FC) curve of the sample was also

measured by SQUID magnetometer (H = 10 Oe). From the ZFC-FC curve, the blocking

temperature TB of the water dispersed sample was obtained: 78K, as calculated from the

maximum derivative of the subtraction of ZFC and FC branches over temperature. Clearly,

the iron oxide nanoparticle sample is in superparamagnetic regime around and above room

temperature.

When applying an AC magnetic field to a sample of magnetic nanoparticles:

HAC = Happe
j·ω·t (1)

the sample magnetization is given by:

M(t) =
∞∑
n=1

Mne
j·ω·n·t (2)

where the Mn coefficients are complex numbers that depend on magnetic field intensity

(Happ) and frequency (ω):

Mn = |Mn| ej·φn (3)

Mn is defined as the nth order harmonic component of the magnetization with their corre-

sponding magnitudes |Mn| and phases φn. The first term, n = 1, is called the fundamental

harmonic and the coefficient of proportionality between the field and the magnetization
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defines the usual magnetic susceptibility. Terms of n ≥ 2, correspond to the high order har-

monics. Usually, the magnitude of the harmonics decrease with their order (n) and only the

ones below a certain order are considered. Because the dynamic magnetization is antisym-

metric versus the applied magnetic field (HAC), the even order harmonics (n = 2, 4, 6, ...)

are null.

In order to obtain the spectrum of the MNP sample magnetization, first the AC hysteresis

loops or dynamic magnetization, M(t), were measured by the lab-made AC magnetometer

descried in an earlier work20. Afterward, the Fast Fourier Transform (FFT) of the M(t)

signal was performed in order to obtain the complex harmonics Mn with their corresponding

magnitudes |Mn| and phases φn (see equation (3)). The whole process takes around 0.5

seconds. To measure the thermal dependence of the harmonics, the temperature of the

sample was varied in the biological range between 30 ◦C and 50 ◦C and the values of Mn

from n = 1 to n = 7 were measured continuously. The actual temperature of the sample

was measured by an optical fiber thermometer with the probe in direct contact with the

colloidal suspension.

III. RESULTS

In this scope, the dynamic magnetization of the prepared nanoparticle sample was mea-

sured at different frequencies (75 kHz, 302 kHz, 676 kHz and 1030 kHz) for different applied

magnetic field intensities. From the dynamic magnetization, M(t), the different harmonic

components (first 7 harmonics) were calculated by FFT. In figure 1 the magnitude |Mn|

of different harmonics are displayed for different applied magnetic field intensities. As ex-

pected, only odd harmonics (1st, 3rd, 5th, 7th,...) are present since the dynamic magnetization

is antisymmetric. In addition, the phases and magnitudes of all the harmonics vary with

field intensity: above 5 kA·m−1 field intensity, the high order harmonics are large enough to

be measured by the used AC magnetometer, otherwise the signal is too noisy.

The AC hysteresis loop area and SAR values vary with temperature as reported in the

literature21,22,26. This thermal dependence is the direct result of the variation with temper-

ature of the phase between magnetization M and applied magnetic field H. Hence, one can

deduce that the harmonic phases of magnetization signal must vary with temperature as

well. Therefore, the harmonic spectrum of the magnetization of water dispersed maghemite
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FIG. 1. The magnitude of different harmonics (1st, 3rd, 5th and 7th) for different applied magnetic

field intensities at each frequency measured at 25 ◦C. The high order harmonics start to rise above

5 kA·m−1.

sample was measured when varying temperature from 30 to 50 ◦C at different field frequen-

cies (75, 302, 676 and 1030 kHz) and intensities (5, 10, 20 and 25 kA·m−1). Figure 2 shows

the so obtained results at 10 and 20 kA·m−1 field intensities and for different field frequencies.

30 40 50
0

2

4

6
 3 hamonic
 5 hamonic
 7 hamonic

 

 

 

 (d
eg

)

75 kHz

30 40 50
0

2

4

6
 3 hamonic
 5 hamonic
 7 hamonic

 

 

 

 (d
eg

)

T (ºC)

30 40 50

676 kHz302 kHz
 3 hamonic
 5 hamonic
 7 hamonic

 

 

 

30 40 50
T (ºC)

 3 hamonic
 5 hamonic
 7 hamonic

 

 

 30 40 50

 3 hamonic
 5 hamonic
 7 hamonic

 3 hamonic
 5 hamonic
 7 hamonic

 

 
 

30 40 50

 3 hamonic
 5 hamonic
 7 hamonic

 

 

 

T (ºC)

30 40 50

1030 kHz

10 kA m-1

 
 

 

30 40 50

10 kA m-1 10 kA m-1 10 kA m-1

20 kA m-1 20 kA m-1 20 kA m-1 20 kA m-1

T (ºC)

 3 hamonic
 5 hamonic
 7 hamonic

 

 
 

FIG. 2. Variations of harmonic phases ∆φ (relative to the phase at 30 ◦C) with temperature.

As shown in figure 2, the phase increases with rising temperature in almost linear manner

for all the harmonics at 10 kA·m−1 and 20 kA·m−1 applied magnetic field intensities. At

5 kA·m−1 and 25 kA·m−1 field intensities (not shown in figure 2) the harmonic phases exhibit
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the same behavior, that is, their phase also increases with raising temperature in almost

linear manner. In this scope, we propose here the measurement of the harmonic phases as

a non-invasive method to obtain the sample temperature which depends on the intrinsic

properties of the nanoparticles. In this way, the temperature would be obtained via the

previously measured temperature dependence of harmonic phase (see figure 2).

In order to obtain the temperature from the harmonic phases, it is necessary to fit the

measured data by a phenomenological expression. At a first approach, the measured phase

shifts can be fitted to a linear function. To estimate the fitting quality, the R squared

coefficients were calculated (see equation (4)). Note that these R2 coefficients are 1 for a

perfect fit and zero for a null correlation. In table I, the calculated R2 coefficients are written

for different frequencies, intensities and harmonic orders.

R2 = 1−
∑

i (yi − fi)
2∑

i (yi − ȳ)2
(4)

Freq. Intensity Linear fit

(kHz) kA·m−1 3rd 5th 7th

5 0.99457 0.99485 0.99479

75 10 0.99924 0.99952 0.99888

20 0.99934 0.99864 0.99866

25 0.98718 0.98889 0.98796

5 0.99932 0.93364 0.00148

302 10 0.99381 0.99445 0.97488

20 0.99389 0.99531 0.99475

25 0.99457 0.99485 0.99479

5 0.99714 0.75294 0.04553

676 10 0.99908 0.99654 0.98639

20 0.99888 0.99872 0.99808

5 0.99788 0.78314 0.79162

1030 10 0.99918 0.99423 0.93086

20 0.9989 0.99892 0.99882

Averaged 0.99664 0.9589 0.83553

TABLE I. R squared coefficients of the linear fittings of the measured phase versus temperature

curves. Each column represents different harmonic order (3rd, 5th and 7th). The blue color indicates

a R squared coefficient between 0.999 and 1, the green color a coefficient between 0.990 0.999 and

the red ones indicates a coefficient smaller than 0.990.

As it can be appreciated in table I, the errors increase with the harmonic order: for the
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3rd harmonic, R2 coefficient values are higher. This difference is more noticeable at very

small applied magnetic field intensities (see table I at 5 kA·m−1). Clearly, this fact is an

instrumental (statistical) error caused by too low magnitudes of higher order harmonics,

compared to the fundamental harmonic magnitude (low signal-to-noise ratio, see figure 1).

On the other hand, the error increases at 25 kA·m−1. This error can be induced by the power

amplifier that feeds our particular resonant circuit and generates the magnetic field20. At

high field intensities, the amplifier works near its own saturation and tends to add harmonics

to the output signal. Hence, high order harmonics appear in the applied magnetic field, H(t),

and although their magnitude is very small, they can add errors to the measurements.

Considering the fittings with higher squared R values, temperature measurements and the

control of temperature can be well performed by using the 3rd harmonic. The temperature

setup scheme in figure 3 can be followed to control the temperature of a nanoparticle sample.

The dynamic magnetization of MNP suspension is measured by pick-up coils and then FFT

is performed to obtain the 3rd harmonic phase. Using the previously measured data, the

phases can be converted into temperatures and control the intensity of the applied magnetic

field (Happ) to set the sample temperature at T through a proportional integral differential

(PID) feedback loop.

Finally, the following experiment was made in order to check the sensitivity of the pro-

posed thermometric method: an AC magnetic field of 302 kHz was applied to the tested

magnetic nanoparticle sample by means of the used electromagnetic applicator. The sample

holder consisted of a 2 cm length and 1 cm diameter cylindrical vessel. While the tem-

perature was rising, the 3rd order harmonic phases were measured and recorded every 1

second by means of the used AC magnetometer. Then, the harmonic phases were converted

to temperature by means of the previous measurements and linear regressions (see figure

2 and table I). The so obtained temperatures were compared with the ones measured by

the optical fiber thermometer (OpSens, Québec City, Canada) whose sensor tip was in di-

rect contact with the sample. Figure 4 shows the temperature evolution curves measured

by both methods. As it can be appreciated, the temperature obtained by the proposed

method is in good agreement with the one measured by the commercial thermometer. The

calculated root-mean-square error (RMSE) is 0.39 and 0.34 ◦C for 10 kA·m−1 and 20 kA·m−1

respectively.
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FIG. 4. Temperature evolution measured with the optic fiber thermometer and the temperature ob-

tained from the harmonic phases. The calculated root mean square error,
√

⟨(Tharmonics − Tprobe)2⟩,

is 0.39 and 0.34 ◦C at 10 kA·m−1 and 20 kA·m−1 respectively.

IV. CONCLUSIONS

The thermal dependence of the high order harmonics of a water dispersed maghemite

nanoparticle sample was studied. From measured data, it was observed that the high order
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harmonic phases (3rd, 5th and 7th) increase with temperature in an almost linear way. The

phase increment ranges between 1 and 3.5 degrees when sample temperature varies from 30

to 50 ◦C, which is easily measured.

We propose here the measurement of high order harmonic phase as a non-invasive method

to obtain the temperature of a magnetic nanoparticle sample. This method has the potential

to be only dependent on the intrinsic properties of the magnetic nanoparticles. Therefore

once the method is calibrated (i.e. the linear regression slopes of 3rd harmonic phases versus

temperature) for a given set of magnetic nanoparticles, it allows acquiring and controlling the

temperature of the tissues at a constant predetermined value (e.g. 43 ◦C) during magnetic

hyperthermia therapy. We propose the 3rd harmonic as a good system from which the

temperature of a nanoparticle sample can be obtained and controlled.

The use of higher than fundamental harmonics to obtain the temperature has many

potential advantages. First, the paramagnetic and diamagnetic signals of the sample are

removed, since they are linear with applied field intensity and they are only present in

the fundamental harmonic. For the same reason, the error from an uncompensated pick-

up coil20 vanishes as well. Secondly, these harmonics are measured in magnetic particle

imaging technique, although at somewhat lower frequency, typically in 25-100 kHz range.

But the method proposed here is still applicable (see the 75 kHz line in table I). Therefore,

this non-invasive thermometry method specific to magnetized volumes could be combined

with MPI to obtain the spatial distribution of particles and their temperature inside and

around tumor (everywhere magnetic NPs are localized). Besides, due to the relatively low

frequencies (lower than for MRI) involved with magnetic hyperthermia at which the body

is transparent, the magnetization harmonics and thus temperature of nanoparticles located

in deep tissues could be recorded. The method could be also implemented to study the heat

transfer between nanoparticles and the surrounding media or other thermal phenomena

related to magnetic nanoparticles.
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Figure S1: AC hysteresis cycles of the magnetic nanoparticle sample from
which the harmonics were obtained. The cycles were measured at different
field intensities (up to 20 kA·m−1) and frequencies (see graphs). Black lines
represent the DC magnetization measured by VSM. Clearly, the loops get
broader as the frequency increases.
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