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The article presents the results of research on the effect of magnetic hyperthermia performed on agar gel samples
containing magnetite nanoparticles coated with dextran polymers for different molar weight M (150 kDa,
70 kDa, and 40 kDa). Regardless of the difference in molar dextran weights, these samples differed in a mass con-
centration of nanoparticles in the ferrogel Co (1.602 mg/cm?, 2.506 mg/cm?, 3.311 mg/cm?, and 4.218 mg/cm?).
In the case of the highest magnetic field value H (20 kA-m™"), the specific loss power SPL reaches 70 W-g~ ! for
nanoparticles with 150 kDa dextran at a concentration of nanoparticles C; = 1.602 mg/cm?>. An oscillating mag-
netic field with an amplitude up to 20 kA-m~! and a frequency of 357 kHz was used in the study.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The use of magnetic nanoparticles in medicine is well known in
magnetic hyperthermia treatments for the destruction of an oncological
tumor. In this case, magnetite nanoparticles with a diameter of several
nanometers are introduced into the tumor and an oscillating magnetic
field with a frequency of several hundred kilohertz is applied. Under
the influence of this oscillating magnetic field [1-4], nanoparticles be-
come a source of heat emitted in diseased tissues. In recent years, at-
tempts have also been made to use a rotating magnetic field in
magnetic hyperthermia to stimulate magnetic nanoparticles [5-8]. Ac-
cording to the authors of the article [5], experiments with a rotating
magnetic field show up to 2-3 times higher thermal efficiency com-
pared to a 1-axis oscillating field. Recently, we have encountered further
attempts to increase the hyperthermia effect through the simultaneous
application of an alternating magnetic field and an ultrasonic wave at a
frequency of 1-3 MHz, which can easily be focused in the desired place
of the body [9,10]. An additional advantage of using ultrasound, in this
case, is the ability to control and monitor the process temperature. In
clinical practice, the tumor area with cancerous cells reaches a temper-
ature of about 42-43 °C, which is several degrees higher than the body's
physiological temperature. These diseased cancer cells are less resistant
to overheating than healthy cells and are then destroyed.
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On the one hand, the amount of heat released during magnetic hy-
perthermia is influenced by the parameters of the magnetic field (am-
plitude of the intensity H and frequency of the magnetic field f), but
on the other hand by the type and structure of nanoparticles with the
surfactant layer, their concentration, as well as the properties of the me-
dium in which they are suspended. Various thermal effects occur when
nanoparticles are suspended in a magnetic liquid with a low viscosity
coefficient, others when they are in an agar gel, and others when they
are in a living organism [16]. In the case of magnetic hyperthermia car-
ried out in vivo, blood flow through the heating area weakens the
heating effect. The studies described in this article were made with
Fe304 magnetite nanoparticles, with polymer dextran as a surfactant
of various molecular weight and were suspended in agar gel. Due to
the similar properties of the agar gel to the soft tissues of the body,
the conditions of the in vitro experiment are similar to in vivo [17,18].

2. Experimental methods and results
2.1. Construction and parameters of magnetic circuits

Experimental studies of magnetic hyperthermia were carried out in
a variable magnetic field. The measuring system was developed by
EASYHEAT (Ambrell Corporation, Scottsville, NY, United States, model:
1.2 kW-2.4 kW Induction Heating Systems 0112 m 0224) which
consisted of a coil connected in parallel with a high-voltage electric
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Fig. 1. The distribution of the magnetic field strength amplitude along the axis of the
solenoid.

capacitor, which meant that the electrical impedance (in the resonance
of currents) of such an LC system was high and thus did not overload the
generator too much. Because of the high current (up to 300 A) flowing
through the coil, it was made of a thin-walled copper tube cooled by
water flowed from the thermostatic system. During hyperthermia ex-
periments, an agar gel containing magnetite nanoparticles was placed
inside the coil.

Depending on the value of the set current I the amplitude of the
magnetic field H(x) was calculated along the coil axis according to
formula (1). The dependence (1) was obtained using the Biot-Savart
law [11,12],

I i
. X+= X—=
Ho="1 2 2 ()

. ¢Rz+<x+;>2 %n(x;)z

where R = 0.0285 m, [ = 0.049 m and n = 5 are the radius, the length
and the number of turns of the coil respectively. The distance x is mea-
sured along the coil axis from its center. At the middle point of the coil
(x = 0), there is the maximum intensity of the magnetic field.

Hx=0) = Hmax. Fig. 1 shows a graphical description of the relation-
ship H(x) for several selected currents I = 100, 200 and 300 A. In the
central part of the coil, in this case, the magnetic field reached 6.7,
13.3 and 20 kA-m~ .

2.2. Characteristics of magnetic fluid used for phantom preparation

For experimental studies dextran magnetic fluids (DEX-MFs) were
prepared using the slightly modified Molday procedure [13]. Each liquid
had a different molecular weight of dextran forming the nanoparticle
surfactant layer and different mass concentrations of nanoparticles
were used: 32 mg/cm?, 44 mg/cm® and 46 mg/cm>. The molecular
weights M of dextran were M = 70 kDa for liquids of magnetic nanopar-
ticles concentration equals to 32 mg-cm >, M = 150 kDa for liquids of
concentration 44 mg-cm >, and M = 40 kDa for liquids of concentra-

tion 46 mg-cm >,

Table 1

Summary of dynamic light scattering (DLS) measurements.
Sample Z-average Dintensity PDI*
Fe30,4-dex 40 kDa 95.9 £+ 2.1 nm 119.2 £ 7.8 nm 0.224 + 0.029
Fe304-dex 70 kDa 162.1 &+ 2.3 nm 212.0 £+ 153 nm 0.233 £ 0.009
Fe304-dex 150 kDa 132.4 4+ 5.6 nm 1759 + 10.1 nm 0.266 + 0.041

2 PDI - polydispersity index.
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Fig. 2. Representative size distribution by the intensity of the hydrodynamic diameter of
prepared magnetite nanoparticles coated with dextran (40, 70 and 150 kDa) measured
by the dynamic light scattering (DLS).

The particle size distribution of prepared magnetite nanoparticles
coated with dextran of various lengths (40, 70 and 150 kDa) was mea-
sured on Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK) with
the non-invasive dynamic light scattering method (DLS-NIBS) using
an angle of 173 at 25 °C. Values of a hydrodynamic diameter such as
Z-average and size by intensity (dincensity), Were obtained from the cu-
mulative and the least-squares analysis of the recorded correlation
function, respectively, along with the polydispersity index (PDI). As ob-
tained dextran-coated Fe;04 nanoparticles were diluted in deionized
water (H,Oq4) prior to the measurement. Results are the mean + stan-
dard deviation of three measurements on three individually prepared
sample dilutions (each of three analyses). Summary of the results on
the hydrodynamic particle size distribution of as-obtained Fe;04 nano-
particles coated with dextran of various lengths is given in Table 1 and
Fig. 2.

It is presented that dextran coating has a significant effect on the hy-
drodynamic particle size as compared with bare magnetite nanoparti-
cles, and the use of different length dextran leads to the formation of
nanoparticles with significantly different sizes and of low standard devi-
ations. Dextran coating leads to the particles increase from ~10 nm to
119.2 nm, 212.0 nm and 175.9 nm for Fe;04-dex 40 kDa, Fe304-dex
70 kDa and Fe304-dex 150 kDa, respectively. Surprisingly, the coating

P

—— 46mg/cm’ 40 kDa—__

w
1

—

Yy

——44mg/cm’ 150 kDa |—— 32mg/em’® 70 kDa

1 temperature 290K

P

N

FETETT B |

magnetization (emu/g)
o

40000 -20000 O
magnetic field (Oe)

Fig. 3. Magnetization curves of magnetite liquids with molecular mass of dextran: M = 40,
70 and 150 kDa determined by the VSM method.



A. Skumiel et al. / Journal of Molecular Liquids 304 (2020) 112734 3

Table 2
Summary of vibrating sample magnetization (VSM) measurements.
Sample (d) o d, 5]
nm nm nm -
40 kDa 10.05 5.31 8.131 0.651
70 kDa 10.62 6.63 8.349 0.696
150 kDa 10.11 6.86 8.362 0.616
0,10

Fe30 . dex 40 kDa
Fe3O A dex 70 kDa
Fe304 dex 150 kDa

oooJﬁ
0 10 20 30 40
d, nm

Fig. 4. Magnetic mean size distribution obtained from magnetization curves of magnetic
fluids with molecular mass of dextran: M = 40, 70 and 150 kDa.

of the NPs with the highest length dextran of 150 kDa does not yield NPs
with the largest size. NPs coated with medium dextran length of 70 kDa
exhibit the largest particle size. All investigated samples have a medium
range of polydispersity (PDI values within the range of 0.08-0.7), which
makes them suitable for the foreseen application.

Magnetic measurements using a vibrating sample vibrometer
(VSM) were performed to determine the size of the magnetite nanopar-
ticles and to determine their distribution function. The magnetization
curves are shown in Fig. 3 do not reveal magnetic hysteresis.

For the polydisperse system of nanoparticles present in the magnetic
liquid, the lognormal distribution function (2a) is most often used in the

form [1]:
d 2
f(d) =2 exp _(md_"> (2a)
V2mdB 2p? '

where d is the diameter, d, and 3 are the parameters to be determined.
Table 2 presents the mean diameters (d), the mean standard deviations

40 kDa

50nm e

&2 T0kDax . %

(o) from (d) obtained by the VSM method. The following formulae were
used:

(d) =d, exp (72) and o = (d)-, exp([%2>—1

On the basis of the obtained parameters d, and p the distribution
functions of magnetite nanoparticles are shown in Fig. 4. In turn, Fig. 5
shows electron microscope images of the three samples of magnetic
fluids, shown with the same magnification.

Measurements carried out by the DLS method indicate that the hy-
drodynamic diameters of nanoparticles (dnyq > 100 nm) are at least
one order larger than the size of the magnetic core determined by the
VSM method ({(d > = 10 nm). This means that in this case, it dominates
the relaxation mechanism of magnetization according to Néel [1]. TEM
images also confirm that average magnetite diameter sizes are in the
order of 10 nm.

(2b)

2.3. Preparation of ferrogel samples and their physical properties

All gel samples prepared for testing had a volume of 1.42 cm® and
the same agar concentration of 5%. The remaining 95% of the mass
was water and magnetic liquid in proportions depending on the desired
concentration of magnetite nanoparticles in a given sample (0.16%,
0.25%, 0.33%, 0.42%). Calculated as mg/cm?, these mass concentrations
were 1.602 mg/cm?, 2.506 mg/cm?>, 3.311 mg/cm? and 4.218 mg/cm?,
respectively.

The entire ferrogel sample preparation process was carried out at
room temperature. Appropriate amounts of ingredients, powdered
agar, water, and magnetic liquid were weighed separately using an an-
alytical balance. The measured amount of water was poured into a bea-
ker with magnetic liquid, and then this solution was heated for several
seconds in a microwave oven until boiling and poured into a beaker
with powdered agar. Using a glass rod for about 20 s, the resulting mix-
ture was manually mixed and then treated with an ultrasonic homoge-
nizer for 15 s.

The homogeneous material thus obtained was allowed to cool for a
few minutes. When the mixture in the beaker was already starting to
solidify, it was poured into smaller 2.2 ml glass vials and left for 24 h
for full gelation. After 24 h, the solid samples were cut to a height of
2 cm. Such agar phantoms had a volume of 1.42 cm?® (d = 0.95 cm,
h = 2 cm) and were tested in an alternating magnetic field. Because
tissue-mimicking agar phantoms during a longer period of time can eas-
ily grow mold or shrink due to water evaporation, the measurements
were carried out on fresh samples within 30 h of the start of the setting.

24. Calorimetric measurements

An optical fiber thermometer FISO Technologies Inc. with an accu-
racy of +0.1 °C was used to measure the temperature of the heated

150 kDa &
.‘. ok ',j"

Fig. 5. TEM images of magnetite particles with different of molecular mass dextran.
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Fig. 6. Measured temperature increase versus time for various intensities of magnetic fields
at frequency f = 357 kHz. Phantom agar sample - with dextran 150 kDa as surfactant -

containing magnetic nanoparticles with a mass concentration of Co = 4.218 mg-cm >

Table 3

Experimental values of the initial temperature increase rate (dT/dt) for different values of
the magnetic field strength amplitude H of ferrogel agar samples with mass concentration
of nanoparticles in the sample (C, = 4.218 mg-cm > and 1.603 mg-cm>) for different
molecular weights M of dextran.

Mass concentration of Dextran H[kA-m~']

nanoparglgcles in the sample Co 6.7 133 20

[mg-cm™] -

d1/dt, mK-s™!

4218 150 kDa 15.6 409 59.2
70 kDa 8.2 18.1 26.7
40 kDa 43 11.8 184

1.603 150 kDa 7.4 23.52 32.74
70 kDa 517 10.21 14.07
40 kDa 333 7.66 10.38

ferrogel sample. The temperature change of the pure agar gel caused by
heating from the coil with the current was also checked. In the case of
the strongest magnetic field, the change in temperature of the pure
agar gel was slightly ten times less than compared to the gel containing
magnetic nanoparticles.

When analyzing the results of the hyperthermia effect, the temper-
ature change caused by heated solenoid was taken into account. In ad-
dition, in order to limit the impact of this additional effect, polystyrene
was inserted between the sample and coil as a heat insulator. All
magnetic hyperthermia measurements were taken at an ambient

5 10 15 20
H kA

temperature of 25 °C and at frequency f = 357 kHz, with the magnetic
field strength up to 20 kKA/m.

In Fig. 6 as an example, the temperature change vs. time curves in a
sample of agar ferrogel with magnetic particles at a concentration of
4.218 mg/cm> magnetite, coated with dextran with a molecular weight
of 150 kDa, are presented. Samples of the measured temperature were
recorded every 1 s. The recorded (during 180 s) temperature curves
shown in Fig. 6, are almost linear, which indicates good thermal insula-
tion of the samples.

In turn Table 3 presents the values of the temperature increase rate
(dT/dt) for samples with different values of dextran molecular weight
(M = 40 kDa, 70 kDa and 150 kDa), after 180 s from the application
of a magnetic field with several chosen amplitudes for mass concentra-
tion of nanoparticles in the sample C;, = 4.218 mg-cm™> and
1.603 mg-cm >,

The experimental numerical values from Table 3 are also graphically
illustrated in Fig. 7.

The obtained experimental results show that for the same concentra-
tion of magnetic nanoparticles in the ferrogel (Co = 4.218 mg-cm™—3), the
rate of temperature rise (dT/dt) increases both with the increase in the
magnetic field strength H and the molecular weight of the surfactant
used (dextran).

3. Analysis

In the literature on magnetic hyperthermia, two parameters are
often found that describes the efficiency of thermal energy released.
One of them is the specific absorption rate SARsavpie, Which determines
the thermal power released in 1 g of the sample, for example in 1 g of
tissue. In order to effectively heat the body soft tissues, it is assumed
in the literature [4] that this coefficient should have a minimum value
of 100 mW-g~ .

Another parameter is the specific loss power (SLP), which allows
assessing the amount of thermal power that is released by 1 g of magnetic
material contained in a magnetic liquid, in a ferrogel or in the soft tissues
of the body. Table 4 summarizes the temperature change AT recorded
during temperature measurement and temperature increase rate d7/dt.
The values listed in Table 4 were determined in a magnetic field with
an intensity of H = 20 kA-m~" and at frequency f = 357 kHz.

The temperature increase rate dT/dt shown in Fig. 8 indicates that at
the same concentration of magnetitic nanoparticles in the ferrogel,
more heat will be released for samples having a higher molecular
weight of dextran (M = 150 kDa).

This can be explained by the fact that when the magnetic core is in a
larger dextran envelope (lower dynamic viscosity coefficient than in
gel), it has more freedom to rotate under the influence of an oscillating

b f=357 kHz
_ 3
C,=1.603 mg-cm

01 —w— 150 kDa
—o— 70kDa

v

g

~ —e— 40kDa .
O

5494.

0 T T T
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Fig. 7. The temperature increase rate (dT/dt) versus magnetic field strength amplitude H of ferrogel agar samples with mass concentration of nanoparticles in the sample (a) C; =

4218 mg-cm~> and (b) Co = 1.603 mg-cm > for different molecular weights M of dextran.
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Table 4

The temperature change AT, the temperature increase rate dT/dt, the specific absorption
rate SARsampig and specific loss power SLP depending on mass concentration of nanopar-
ticles in the ferrogel Co prepared on the basis of magnetic liquids with dextran polymers of
different molecular weight (M = 40 kDa, 70 kDa and, 150 kDa) at maximum magnetic
field H = 20 kA-m~" and at frequency f = 357 kHz.

Surfactant of magnetic particles Co AT dT/de SLp
(dextran polymers) M % mg-cm > °C mK-s™! W.g™!
0.16 1.603 1.75 9.7 254
40 kDa 025 2506 228 127 21,2
46 mg-cm > 033 3311 297 165 209
042 4218 331 184 18.3
0.16 1.603 238 132 345
70 kDa 0.25 2506 323 179 30.0
32 mg-cm > 033 3311 3.80 21.1 26.7
042 4218 480 267 26.5
0.16 1.603 488 271 70.8
150 kDa 025 2506 634 352 58.9
44 mg-cm ™3 033 3311 7.87 437 55.4
042 4218 10.66 59.2 58.9

magnetic field. In this case, it can also indicate that the heat was released
by the Brown mechanism.

To determine the thermal power released by nanoparticles contained
in phantoms with different mass concentration Co = myp/ms, specific loss
power (SLP) was determined by the formula [14,15]:

ms (AT Cs (AT
st oo (ac) ~ & (ar) @
0,075 1
H=20kA'm  f=357 kHz
| —=— 150 kDa
"» 0,050 —O— 70 kDa
¥  |—e— 40kDa
S
|_ i
T 0,025-
o000 —
1 2 3 4

-3
C, mg-cm

Fig. 8. The initial temperature increase rate for different values of mass concentration Cy of
nanoparticles in the gel sample.

75
a
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o
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H=20kA'm" f=357kHz
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nm

>

distance L_

Table 5

Mass concentration C, of magnetic nanoparticles in ferrogel, volume V of nanoparticles in
1cm? of ferrogel, number N of nanoparticles in 1 cm?, and the distance L, between the cen-
ters of nanoparticles uniformly distributed in 1 cm® of the sample.

Co [mg-cm~—3] V[em?] N- Ly [nm]
1.603 3.09 - 107* 1.2 - 10" 203
2.506 484 - 1074 1.88 - 10" 175
3.311 639 - 1074 249 - 10" 159
4218 8.14 - 1074 3.17 - 10" 147

where c; is the specific heat capacity of the phantom sample, ms=1.42 g is
the phantom mass, and myp is the mass of the magnetite nanoparticles. In
our the case value of the specific heat capacity is similar to water:
c=418]-g 1K1

Fig. 9a indicates that for the concentrations of nanoparticles in the
sample Cy < 3.311 mg-cm ™3, the SLP parameter begins to increase for
lower concentration values. The probable reason for this is the influence
of interactions between neighboring magnetite nanoparticles at their
higher concentrations in the sample.

Table 5 contains several parameters: V - volume, N - number of
nanoparticles and Ly _ the distance between the centers of nanoparti-
cles, calculated for different concentrations of magnetite nanoparticles,
assuming that they are distributed uniformly in phantom volume and
do not form agglomerates.

The graphical relationship between the distance L, and nanoparti-
cles along the x-axis is shown in Fig. 9b. Distance Ly increases as the con-
centration Cy decreases. Thus, at lower concentrations the distance Ly
between nanoparticles increases, which means less interaction between
nanoparticles. As a result, magnetic nanoparticles have greater freedom
to vibrate under the influence of an alternating magnetic field and an in-
crease of SLP parameter is observed at lower concentration values.

4. Conclusions

The obtained experimental results (Fig. 7a, 7b) show that at a con-
stant concentration C, of magnetic nanoparticles in a ferrogel sample,
the parameter (dT/dt) increases with the increase in the magnetic
field strength H and the molecular mass M of the surfactant (dextran).
Moreover, a comparison of dependencies presented in Fig. 7a, 7b
shows that also the increase in the Cy concentration of magnetic nano-
particles in the ferrogel sample leads to an increase in the dT/dt
parameter.

Higher concentration Cy of magnetic nanoparticles in the ferrogel
sample causes a decrease in the distance between nanoparticles in the
gel network (Fig. 9b) and thus increases the interactions between them.

When the nanoparticles are closer to each other (at smaller dis-
tances Lx) dipole-dipole interactions can deteriorate the heating effi-
ciency of a sample [19]. Therefore for a higher concentration of
nanoparticles lower values of specific loss power can be observed

200

b

X

175

150

125 T T T
1 2 3 4

. -3
concentration CO, mg-cm

Fig. 9. The dependences of the specific loss power SLP - (a) for different values of mass concentration Cy of nanoparticles in the sample and the dependences of distance Ly between the
centers of nanoparticles uniformly distributed in the sample depending on the concentration Cy (b).
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(Fig.9a).It can also be seen in Fig. 9a that at a given Cy concentration, SLP
increases with increasing molecular weight M of the surfactant.
Ferrogel structure can hinder Brown relaxation - deteriorate move-
ment of magnetic nanoparticles comparing to easy movement of mag-
netic nanoparticles in ferrofluids. Therefore we assume that when the
magnetic core is in a larger dextran envelope (lower dynamic viscosity
coefficient than in gel), it gives more freedom to magnetic nanoparticles
to rotate in gel structure which results in presented better heating effi-
ciency for the higher molecular weight of dextran. Due to the large hy-
drodynamic diameters of nanoparticles compared to the size of
magnetite grains, the Néel magnetizing mechanism is the dominant.
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