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ABSTRACT

We investigated the hyperthermal and magnetic properties of the stable magnetic suspension of magnetite na-
noparticles. With this purpose in mind, we designed a low-frequency oscillator, 300 W, 300 KHz. A sample of the
magnetic suspension was placed in the induction coil and heated up to 55°C for 30 minutes. Based on the results
of measurements of transverse susceptibility, we can infer that the suspension was superparamagnetic at room
temperature and transformed into the magnetic state at nitrogen temperature. Comparing the obtained experi-
mental results with the literature data, we assessed the mean size of nanoparticles, which made up about 10 nm.

Computer simulation assessment on the basis of magnetization curve gives close results.
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1. Introduction

As is known, the normal human body temperature is
37°C. However, healthy cells can preserve their viability
at the temperature of up to 42°C. The fact is that the can-
cer cells are heated stronger than healthy ones and die
prior to healthy cells, because they remove heat less ef-
fectively, which results in their overheating. Cancer treat-
ment by hyperthermia consists in increasing artificially
the temperature in the tumor up to 42°C - 45°C, which re-
sults in the death of carcinogenic cells. This approach al-
lows one to destroy the tumor, at the same time minimi-
zing the damage to healthy tissue and thus limiting the
negative side effects of treatment by hyperthermia.
Currently, hyperthermia is often used in combination
with radiotherapy and chemotherapy, as the hyperthermia
effect on cancer cells makes them less stable with respect
to chemical and radiation therapies. Hyperthermia effects
may be applied both to a separate tumor localized on the
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surface or in the depth of the human body and the whole
body.

Previously, for local hyperthermia, microwave, laser
and ultrasound radiation were used. With a large tumor
development throughout patient’s body, the whole body
is exposed to elevated temperatures up to 45°C in a spe-
cial thermal camera.

Local hyperthermia can effectively heat the tumor.
However, it is necessary to provide the conditions when
the adjacent healthy tissues are not exposed to elevated
temperatures over 42°C, which may cause damage. This
indicates the need for precise control of the local temper-
ature of the body for the hyperthermia treatment process.
The effectiveness of hyperthermia is affected by the abil-
ity of microwave, laser and ultrasound radiation of pene-
trating efficiently into body tissues; otherwise, it would
be difficult to expose to the treatment deeply located tu-
mors, for example, in the brain or pelvis of a patient.

The possibility of cancer treatment by local hyperther-
mia has led to the development of devices for the local
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heating of tumors without affecting significantly the sur-
rounding healthy tissues. One of the most promising di-
rections associated with the use of magnetic materials for
hyperthermia was proposed by Gilchrist et al. in 1957
[1].

The ferro- and ferrimagnetic nanoparticles used for im-
plantation possessed a magnetic moment even in the ab-
sence of a magnetic field. By using the alternating mag-
netic field, one can change the magnetic moment direc-
tion both due to the physical rotation of magnetic nano-
particles overcoming the force of friction or viscosity of
the environment, and due to the reorientation of the mag-
netic moment, using the energy of the magnetic field.
This energy then dissipates in the heat energy [2]. Just,
this energy is used to destroy cancer tissues during hyper-
thermia.

The dissipation of magnetic energy occurs when the
magnetic nanoparticles return into equilibrium with their
physical rotation overcoming the force of viscosity due
to the reorientation of the magnetic moment only. This
explains the existence of two, Brownian and Neel, me-
chanisms of dissipation of magnetic energy, respectively
[3]. Among them, the Neel relaxation is more effective to
heat the tumor.

In papers [3,4], the processes of heating using mag-
netic nanoparticles were described in detail. As known
[5], the magnetic nanoparticles 10 nm or less in size ex-
hibit superparamagnetic properties. As temperature de-
creases below the Curie or Neel points of ferro- and fer-
romagnetic transitions, the transition from the paramag-
netic state to magnetically ordered ferromagnetic or fer-
rimagnetic states occurs in magnetic materials. If the li-
near dimensions of the particles of these materials are
within 1 - 10 nm, their preferred directions of magnetiza-
tion would change chaotically at the temperature below
the Curie and Neel points and above so-called blocking
temperature Tg because of the thermal fluctuation like
change the magnetic moment directions in paramagnets
under the influence of thermal motion. It must be born in
mind that the superparamagnetic particle is in a single-
domain state, as domain walls are energetically unfavor-
able for such small particles. As a result, the system of
superparamagnetic particles behaves in the magnetic
field and at temperature changes like paramagnetic gas of
N atoms, where N is the number of single-domain super-
paramagnetic particles, each of which has a magnetic
moment M. For this system, the magnetization varies by
the Curie law in weak magnetic fields and by the Lange-
vin formula in the range of magnetic saturation.

The magnetization of superparamagnets is much high-
er than conventional paramagnetic magnetization. For the
chaotic changes in the spatial orientation of the magnetic
moment of nanoparticles, it is necessary that the energy
of thermal motion kT (k is the Boltzmann constant, T—
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temperature) was greater than the energy of magnetic
anisotropy of particles KV (where K is the anisotropy
constant, V is the particle volume).

When the temperature drops below the blocking tem-
perature Tg, specific for each material and particle di-
mensions, the change of the magnetization direction of
particles ceases to be chaotic, and the particles behave as
usual coarse-grain magnets. Examples of these superpa-
ramagnetic particles are small particles of Co, Fe, Ni and
some iron oxides such as magnetite, Fe;O,, etc. Because
the magnetic moments of superparamagnetic particles
have random orientations under the influence of thermal
fluctuations of the environment, they do not have the re-
sultant magnetic moment in the absence of an external
magnetic field. In contrast to the conventional magnetic
particles, they do not aggregate after removal of the ex-
ternal magnetic field [6]. The aggregation of magnetic
particles can hamper their removal from the body after ap-
plication. Therefore, the superparamagnetic particles have
great advantages as agents for the treatment of cancer by
hyperthermia. Such particles are readily absorbed by can-
cer cells 10 - 100 um in diameter. This improves signifi-
cantly the effectiveness of hyperthermia when applied to
cancer cells. The superparamagnetic nanoparticles can
also efficiently overcome the blood-brain barrier, which
is essential for the treatment of brain tumors [7]. Further-
more, the nanoparticles may be coupled with viruses (20
- 450 nm), proteins (5 - 50 nm) and genes (length of 10 -
100 nm) [3].

Hyperthermia of cancer using a magnetic fluid is car-
ried out by direct administration of the liquid containing
magnetic nanoparticles to the tumor.

When exposed to a low-frequency alternating magnet-
ic field, the nanoparticles generate heat that destroys the
tumor. Unlike the laser, microwave and ultrasound hyper-
thermia, this procedure is minimally invasive. Thus, there
is no undue heating of healthy tissues, as only the mag-
netic nanoparticles absorb the energy of the magnetic
field.

Magnetic fluids are typically stable colloid systems in
aqueous solutions and other biocompatible solvents [8].

Innovation Bio-Medical Technologies Inc. (IBMT), Ca-
nada, used clinically magnetite nanoparticles for identifi-
cation and surgical removal of sentinel lymph nodes (the
lymph nodes that breast cancer first metastasizes to). A
preparation of magnetite nanoparticles under the trade
name of Unimag was used as a visual contrast agent for
breast cancer in Georgia [9-12]. Magnetic fluid prepara-
tion Unimag represents a stable 2.5% suspension of mag-
netite nanoparticles. Active components of preparation
Unimag are magnetite (FesO,) nanoparticles obtained by
sedimentation of the solution of the salts of 2- and 3-
valent iron, which are 5 - 10 nm in size and have a spher-
ical form [13-15].
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The objective of this work is to determine if the Un-
imag magnetite nanoparticles can be heated by using the
alternating magnetic field with the aim of destroying the
lymph nodes without invasive surgery.

To implement this aim, the magnetic properties of Uni-
mag were studied by using the precise resonance method
for measurement of transverse susceptibility of the sus-
pension, as well as the vibrating sample magnetometer
(VSM) technique. These methods in combination with li-
terature data make it possible to evaluate the mean size
of nanoparticles.

To determinate the hyperthermia properties of Unimag
preparation, we designed a low-frequency generator (with
RF power of 300 W and resonance frequency of 300
KHz).

2. Experimental Results and Discussion

2.1. Measurement of Transverse Susceptibility
by Using the LC-Generator

The circuit based on the LC-resonance generator (Figure
1) was used for the measurement of transverse suscepti-
bility of magnetic fluids.

The ampoule containing the magnetic fluid was placed
into the induction coil of the LC-generator. The varia-
tions of its resonance frequency were measured at the
variations in the external magnetic field Hpc, which was
perpendicular to the coil field Hgr.

The standard representation of the frequency of accep-
tor oscillations looks like

1
= : 1)
2n\/LC
where L is the coil inductance, and C is the capacitor ca-

pacity.

Placement of the sample into the induction coil chang-
ed the inductance value by AL. If AL/<1, by differen-
ciating Equation (1), we get

Af__AL
f 2L

The inductance variations are connected with the chan-
ges in material properties. In the case of the magnet, the
inductance variation is proportional to the variation in the
real part of complex susceptibility = u'—iu". Hence, it
turned out that AL ~ A( y’) and

A Ay
f Xt

It is very important that this device was successfully
used for investigation of the fields of magnetic anisotro-
py Hg of superparamagnetic nanoparticles in the test
sample. To this effect, the sample was placed into the in-
duction coil of the LC-generator for measurement of
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Figure 1. LC-generator circuit.

transverse susceptibility yr at the variation in the external
static field. In this device, the oscillating magnetic field
of fixed amplitude (~5 Oe, 10 MHz) is applied perpen-
dicularly to the external field. The resonance frequency
shift at variations in the external field or temperature cha-
racterizes the variation in the transverse susceptibility yr
of the sample. The typical dependence of yr on the exter-
nal magnetic field shows the peaks that are determined
by the distribution of anisotropic fields Hy of nanoparti-
cles (Figure 2, curve 1). The changes in the positions of
these peaks depending on the magnetic field and temper-
ature allow better understanding of the fundamental pro-
perties of this system.

Figure 2 shows the Ayl yr (%) ratio dependence on
magnetic field H taken from work [16] for Fe;O4 magne-
tite powder with the mean grain size of ~6 nm at the tem-
perature higher (1) and lower (2) than the blocking tem-
perature when the powder becomes magnetic (T = 300 K
and 10 K, respectively). In work [16], similarly to our de-
vice, the LC-generator based on the CMOS oscillator cir-
cuit was used.

In Figures 3(a) and (b) are shown the results of mea-
surements of the LC-generator frequency with the Un-
imag sample depending on the external field at its varia-
tions from zero to 1.4 T (tesla) (14 kOe) and inversely, T
=300K (@) and T =77 K (b).

It is evident that the Figure 3(a) corresponds to the
superparamagnetic state of the sample (without hystere-
sis), while the Figure 3(b) corresponds to the magnetic
one. At the same time, from Figure 3(b) it is seen that
the value of the field of magnetic anisotropy for the Un-
imag sample should be of the order of 600 Oe. Hence, we
can infer that, in our case, the mean grain size is some-
what larger than in the magnetite sample [16] and is ap-
parently close to 10 nm.

The magnetometry measurements of Unimag suspen-
sion were performed by using VSM (Cryogenic Limited,
UK) allowing one to carry out the measurements over the
temperature range 1.7 - 293 K and at magnetic fields up
to5T.

Figure 4 shows the results of hysteresis curve mea-
surements at room temperature confirming the superpa-
ramagnetic behavior of the suspension at this temperature,
which is in agreement with the measurements by the RF
resonance method.
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Figure 2. Typical dependence of the transverse susceptibil-
ity (x7) on the external magnetic field.
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Figure 3. LC generator frequency with the “Unimag” sam-
ple dependence on the external magnetic field at room tem-
perature (a), and at liquid nitrogen temperature (b).

2.2. Hyperthermia Experiment

The suspension poured into a test tube 15 cm long where
an alcoholic thermometer was placed was used for the
experiment. This system was placed into a remote induc-
tor. The outer diameter of the induction coil was d = 45
mm, and its height was h = 50 mm; the coil was wound
from a copper tube 5 mm thick. The time dependence of
temperature t°C = f(T) was taken in the optimal mode of
the resonance inductor.

For performing the hyperthermia experiments with
small biological objects, we used above mentioned low-
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Figure 4. Magnetization curve for “Unimag” preparation.

frequency (LF) generator which allowed us to increase
the suspension temperature up to 55°C (Figure 5).

2.3. Estimation of the Magnetic Nanoparticle
Distribution on the Basis of the
Magnetization Curve

The estimation of the size distribution of magnetic nano-
particles (MNP) by their magnetic properties has become
a popular subject during recent years. For instance, in [17,
18] the sizes of MNP were studied by small-angle neu-
tron scattering, in [19]—by thermomagnetic measure-
ments, and in [20]—by magnetic susceptibility, while in
[21,22] the size distribution of magnetic nanoparticles
was studied by using modified magnetization curves.

We present the construction of the size distribution of
MNP by their magnetization curves using the Tikhonov
regularization method for ill-posed equations for magne-
tization [23-27]. The magnetization curve was obtained
from a water-based Fe;04 MNP sample (preparation Uni-
mag).

Agglomeration and sedimentation of MNP during mag-
netic measurements has an adverse impact on the size
distribution assessment. Physical vibration prevents ag-
gregation and sedimentation during the experiment or
makes them insignificant. Therefore, for the magnetiza-
tion measurements, a vibrating sample magnetometer
(VSM) was used. The VSM is effective due to the conti-
nuous sample vibration during the experiment, and the
obtained NMR magnetization curve does not require fur-
ther adjustment. The experimental magnetization curves
are shown in Figure 4.

We used the method of determination of the MNP siz-
es from magnetic measurements. By comparing the mod-
ified Langevin curve with the observed magnetization
curve, we obtained the size-distribution function of MNPs
and determined the average particle size. A similar method
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Figure 5. Temperature change in the suspension placed in
the output resonator of the LF generator, measured with an
alcohol thermometer.

was first used for small ferromagnetic particles in [28].

The magnetization curve is the result of simultaneous
action of the magnetic field and the thermal motion. For
a multiple-sized system of non-interacting particles, the
mean magnetization could be expressed in the following
way [29-32]

)=[#M4L(D,H) —f( )dD

where L is the Langevin function; D is the mean diameter
of MNPs; f is the function of particle size distribution;
My is the saturation magnetization; H is the magnetiza-

tion field value.
As it obvious, in the MNP model, the mathematical

expression of magnetization is the function of particle
size distribution.

The degree of MNP magnetization affects significantly
the particle size distribution f(D).

Berkov [30,31] discretized the equation and obtained a
numerical matrix. If the particle diameter D and magnetic
field H are discrete values, the magnetization equation
will take the form [30,31].

M (H;)

—Zyo D L(%M 6D].3|-|J./|<T)f(Dj)ADj,
|=1"'Z,j=1"'N

where N is the designation of the number of sampling
points for particle diameters and Z is the sampling step
for the magnetization field H;. The magnetic moment ma-
trix could be rewritten in the following way

M (Hi):A(i’j)f(Di)

where
A, §) = M, %DfL(yon ngHj/KTjADj

i:l...z; j :1...N
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where A(i, j) could be determined from the MNP magne-
tization by the Langevin formula, M(i) corresponds to the
magnetization curve and f(j) is the function of the particle
size distribution. The details of sampling and its influ-
ence on the ill-posed matrix equation and also the dis-
cussion of particle size and magnetization ranges, used in
the analysis, are described in [22]. All terms of Equation
(1) are non-negative. As a function of particle size dis-
tribution f(j) is a single unknown term, the evaluations of
particle size distribution could be reduced to the solution
of the non-negative matrix equation.

System of Equations (2) is ill-posed. This means that
the errors of matrix coefficients and free terms or the
rounding errors in the calculation could strongly distort
the solution. It is necessary to regularize the original pro-
blem. The regularization in mathematics and information
means the introduction of additional information for sol-
ving the problem. The simple form of integral equation
regularization was developed by A. N. Tikhonov [23-26].
The approximate solution should be defined so that it is
stable under small changes of the original information.

The solution to the matrix equation is complicated by
artificial oscillations [20,30,31] that always appear in the
solutions of ill-posed matrix equations. The use of the Ti-
khonov regularization method made it possible to over-
come these oscillations and to obtain sufficiently accu-
rate and stable solutions. The essence of the method is as
follows.

The resulting system of equations could be written in a
simplified form:

Ax=b )

If the system is ill-posed, the rounding errors of calcu-
lation could also strongly distort the solution. It is neces-
sary to regularize the initial problem. To this effect, in-
stead of the considered initial problem, let us consider
the following one:

(ATA+aE)x=ATb (3)

where 4" is the transposed matrix; £ is the identity ma-
trix; « is the positive parameter; A" A+oE is the sym-
metric matrix. For the concrete values of ¢, it is solved
by the square root method. If & = 0, system of Equation
(3) coincides with ill-posed system. At large values of «,
regularized system (3) is well-posed, but the solution x,
will not be close to the solution sought-for. It is obvious
that the best would be the lowest value of «, at which
conditioning of the system is still satisfactory, which is
checked by visual monitoring and verification of the re-
sidual V, = Ax, —b.

Figure 6 shows the obtained function of MNP size
distribution.

From Figure 6 it is evident that there are two peaks
with mean diameters about 6.7 and 9.8 nm. It should be
noted that the given distribution differs from the log-
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Figure 6. Size distribution of MNP solutions obtained by us-
ing the Tikhonov regularization method for colloid prepa-
ration Unimag.

normal one which is the characteristic of MNP. It can be
assumed that the cause of it is a small primary aggrega-
tion of dispersible particles. The left peak corresponds to
the separate NMP, while the right one can be caused by
clusters. By the evaluation of the area under peaks, one
can define the fractions of magnetic particles of each
type. The second-type particles make up less than 10%.
Hence it follows that separate nanoparticles play the
main role in the magnetization curve formation.

The investigations are under way for MNPs of differ-
ent materials.

3. Conclusion

In this work, hyperthermia and magnetic measurements
on preparation Unimag were performed. It is shown that,
by using the home made simple low-frequency generator,
with 300 W power and 300 kHz frequency, it is possible
to heat the fluid up to 55°C for 30 minutes. The mea-
surements of fluid magnetic properties verified that, at
room temperature, the magnetite nanoparticles in the sus-
pension were in the superparamagnetic state and their
mean size was about 10 nm. The computer simulation re-
sults on the mean magnetic nanoparticle size based on
the magnetization curve are close to the experimental da-
ta.
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