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ABSTRACT

Objective(s): Breast cancer is a fatal disease and the leading cause of mortality in women. Radiofrequency
hyperthermia is an approach to the treatment of cancer cells through increasing their temperature. The
present study aimed to investigate breast tumor ablation via radiofrequency hyperthermia in the presence
and non-presence states of magnetite nanoparticles and assess the effects of magnetite nanoparticles on
breast cancer treatment in hyperthermia.

Materials and Methods: Radius hemisphere geometry (5 cm) was designed, which was similar to an actual
breast based on the fat tissues, glandular tissues as a semi-oval embedded in the hemisphere, and a radius
sphere (1 cm) as a tumor region inside. After utilization in a three-dimensional printer, each layer of the
phantom was filled with a proper combination of oil-gelatin with similar dielectric and thermal properties to
an actual breast. To evaluate the effects of the magnetite nanoparticles, three weights of the magnetite were
added to the tumor region (0.01, 0.05, and 0.1 g). Finally, the phantom was placed in a radiofrequency device
with the frequency of 13.56 MHz.

Results: Temperature differences were measured at four different points of the phantom. The power and
time in the treatment were estimated at 40 watts and five minutes, respectively. The temperature and specific
absorption rate plots were obtained for all the states in several graphs for five minutes.

The results showed that the heat generation with the utilization of the magnetite state was higher by
approximately 2.5-7°C compared to the state without magnetite. Furthermore, the temperature of 0.05 gram
of magnetite indicated that without causing damage in the healthy tissues, the entire tumor region could
attain adequate heat uniformly (6.1-6.4°C).

Conclusion: Therefore, it could be concluded that 0.05 gram of magnetite could cause ablation in the entire
tumor region.

Keywords: Breast Phantom, Magnetite Nanoparticles, Oil-gelatin Phantom, Radiofrequency Hyperthermia,
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INTRODUCTION

Breast cancer is considered to be the most
prevalent malignancy and the leading cause
of mortality in women worldwide [1]. Despite
the advancement in clinical therapy, treatment
failure still occurs in the majority of breast cancer
patients, and the mortality rate of the disease has
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been reported to be on the rise mainly due to an
evolutionary process toward a metastatic and
treatment-resistant disease [2-4].

Hyperthermia therapy involves the application
of supra-normal body temperatures as an adjunct
cancer treatment. This therapeutic approach has
been investigated for several decades due to the
relatively high thermal sensitivity of malignant
cells compared to healthy tissues [5, 6]. Heat
could be delivered using various techniques, such
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as radiofrequency, microwave radiation, regional
perfusion therapy, laser ablation, and magnetic
hyperthermia [7-9]. Recently, radiofrequency
ablation has gained importance in the treatment
of cancerous tumors. Hyperthermia is mostly
identified based on the temperature range of 40-
48°C or similar temperatures maintained at the
treatment site for the duration of one hour or
more [10-13]. The increased temperature could
cause damage in tumor cells, while it is tolerated
by normal tissues. Magnetic heat treatment is
also considered to be an effective local, minimally
invasive method for cancer treatment, which is
associated with few or no adverse complications
[14]. In 1957, Gilchrist suggested the use of
magnetic particles for the increasing of local
temperature in a target region as induced by an
external magnetic field [15].

Hyperthermia has two prominent properties,
which are referred to as the dielectric and thermal
properties. Several studies have demonstrated
the efficacy of magnetite nanoparticles in
hyperthermia and breast cancer phantoms,
while most of these studies have not considered
both properties of this method simultaneously
[16-18] or have failed to use proper geometry
in the development of breast phantoms [19,
20]. In addition, some of these studies have not
considered the glandular tissues of the breast [21]
or have not utilized the phantom in experimental
studies despite considering the mentioned factors
[22]. Although the properties of magnetite
nanoparticles that play a key role in hyperthermia
treatment have been adequately investigated
[23, 24], data is insufficient regarding the effects
of these nanoparticles. In most of the studies in
this regard, magnetite nanoparticles have been
investigated in the fluid form, and their gel mixture
has not been used [25-28].

Moreover, most of these studies have been
focused on the frequency ranges that are not
applied in the clinical treatments of breast
cancer, no clinical devices have been utilized
as the radiofrequency source. According to the
literature [29], frequency is inversely proportional
to the depth of penetration. At the frequency of
900 MHz, the body depth of 4.2 centimeters and
frequencies above this level cannot be used for the
treatment of breast tumors in clinical treatments.
In a previous study in this regard, proper
geometry was designed for breast, and a phantom
was fabricated using an oil-gelatin mixture with
similar thermal and dielectric properties to an
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actual breast. After determining the properties
of the phantom, the phantom was placed in an
electromagnetic field with the frequency of 13.56
MHz. Eventually, the thermal effects on the tissue-
equivalent breast phantom were investigated
within the frequency range of 10-15 MHz, which is
widely used in clinical treatments [30].

The current research aimed to compare the
presence and non-presence states of magnetite in
order to fabricate four different tumors, including
without magnetite nanoparticles, and with the
magnetite amounts of 0.01, 0.05, and 0.1 gram.
After determining the properties of the phantom,
the phantom was placed in an electromagnetic
field with the frequency of 13.56 MHz. The main
objective of the present study was to compare
two states of using and not using magnetite
nanoparticles and investigate the effects of
magnetite on breast cancer therapies at a
frequency band commonly used in clinical devices
and treatments.

MATERIALS AND METHODS

This section has been presented in five sub-
sections of geometry design, fabrication of the
phantom, measurement of thermal and dielectric
properties, disposition of the phantom in
radiofrequency (RF) radiation, and measurement
of the specific absorption rate (SAR).

Fig 1. Design of phantom and 3D-printed phantom

Geometry design

At this stage, proper geometry was designed
using the SOLIDWORKS software (version 2018
SP5.0) to represent an actual breast. Three
different tissues of a cancerous breast were
considered in the design process, including the fat,
glandular, and tumor tissues. A radius hemisphere
(5 cm) was designed in the form of a breast
(diameters: 3.5x5 cm) with a semi-oval embedded
inside, which represented the glandular tissues,
and the distance between the hemisphere and
semi-oval represented the fat tissues.
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Table 1. Weight of materials in each tissue

Material Oil (gr) Gelatin  Water (gr) Salt(gr) Surfactant Formaldehyde
Tissues (gr) (gr) (gr)
Fat 121.49 13.69 35.93 0 6.8 2.16
Gland 24.68 32.81 98.74 0 1.38 1.73
Tumor 1 1.9 579 0.18 0.07 0.11
Table 2. Physical properties of magnetite
R (nm) C(J/kg°C) p (kg /m?) o (S.m™) K(w/m°C)
16.5 670 5180 0.025 9.7

R: Radius, C: Specific heat capacity, : Density, : Electrical Conductivity, : Thermal Conductivity

At the bottom of the semi-oval, a radius sphere
(1 cm) was inserted as a tumor. This geometry was
eventually utilized using a 3D printer.

Fig 1 depicts the designed and fabricated
phantom.

Fabrication of the phantom

The properties of the oil-gelatin phantom are
noticeably similar to actual tissues compared to
other materials [31]. For instance, agar mixtures
have a high melting point (approximately 80°C),
which enables them to preserve their shape, while
their permittivity is lower than actual tissues.
Therefore, agar mixtures cannot represent the
dielectric properties of tissues [32]. TX-150
could be successfully utilized to represent high-
water-content tissues (e.g., tumor), while it
cannot be used for low-water-content tissues
(e.g., fats) [31]. However, oil-gelatin mixtures
could be easily prepared homogeneously, and
added formaldehyde could maintain their shape
at high temperatures. As such, their behavior in
an electromagnetic field in hyperthermia could
represent actual tissues remarkably more than
other materials. In the present study, the main
materials used to fabricate the phantom included
calfskin gelatin (Sigma-Aldrich, USA), safflower
oil, and water. Moreover, the addition of sodium
chloride to the mixture helped adjust the electrical
conductivity of the tumor tissue. The specific heat
capacity of oil is lower than water (the specific heat
capacity of oil is approximately 1/64 , while it is
4/42 in water). Therefore, we used water instead
of oil for the adjustment of these properties in the
tissues with high specific heat capacities, such as
the tumor and glandular tissues.

The prepared mixture in the current research
contained both hydrophilic and hydrophobic
materials. Therefore, sodium lauryl sulfate was
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used as a surfactant in order to bring homogeneity
to the phantom. In order to stabilize the phantom
at high temperatures, formaldehyde was added
to the mixture to increase its melting point and
prevent its transfiguration [17].

Fig 2. Cube used for fabrication of tumor tissues (hole was used
for mixture injection)

In order to achieve the least difference in the
four studied states and decrease measurement
errors, the healthy tissues (glandular and fat) were
identical in all the states, so that the properties of
the healthy tissues would be equal in all the states.
Table 1 shows the weight values of the materials
in each tissue. In the fabrication of the phantom,
the fat mixture was initially prepared and placed
in a region of the phantom that was considered
as the fat layer. In accordance with the method
proposed by Lazebnik et al., the formaldehyde
cross-linking of gelatin was completed within a
minimum of five days [17].

Afterwards, the gland mixture was prepared,
and after five days, the phantom was divided into
two parts for the placement of the tumor inside.
To make the tumor completely spherical with the
radius of one centimeter, a cube composed of a
spherical hole with the radius of one centimeter
was used (Fig 2). Finally, various weights of
magnetite were added to the tumor region (0.01,
0.05, and 0.1 g).

Magnetite (Fe,O,) nanoparticles were prepared
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using the chemical co-precipitation method in 80°C
with sodiumcitrate and oleic acid as modifiers [33],
and X-ray diffraction (XRD) was applied to determine
the crystal structure of magnetite (Fig 3).
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Fig 3. XRD pattern of Magnetite (Fe304) MNPs

In addition, transmission electron microscopy
(TEM) imaging was used to measure the mean
radius of magnetite, which was estimated at
16.5 nanometers (Fig 4). The physical properties
of Fe,O, are presented in Table 2. In the current
research, we evaluated four types of tumors (no
magnetite and with three weights of magnetite).
Fig Sillustrates the final phantom after fabrication.

* % 7 ) &8 _
Fig 5. Oil-gelatin phantom of breast with fat, glandular, and
tumor tissues

Measurement of the thermal and dielectric
properties

After the fabrication of the phantom, the
thermal and dielectric properties of the phantom
were determined and compared to actual breast
tissues. In order to determine the thermal
properties (specific heat capacity, thermal
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conductivity, and density), nine samples were
obtained from various parts of each tissue to
improve the measurement accuracy, and their
amounts were measured using a calorimeter.
Table 3 shows the measured thermal properties.

Table 3. Values of Thermal Properties in Each Tissue of Phantom
with Actual Values of Breast Tissues

Tissues Fat Gland Tumor
Specific heat capacity Real amount 2280 3639 3639
( 1kg°C)y
Measure amount 2300 3670.5 3670.5
Thermal conductivity Real amount 0.3 0.56 0.56
(w /m°C)
Measure amount 0.3 0.56 0.56
Density Real amount 1069 1050 1050
3
(kg /m7) Measure amount 1070 1048 1048

In general, the most prominent dielectric
properties were relative permittivity and
conductivity. Permittivity is defined as a complex
physical quantity consisting of an actual partand a
hypothetical part. The actual part is the ability of a
medium to store the electric field energy, and the
hypothetical part is defined as a loss factor that
describes the dissipated energy in the material
[31]. Inthe present study, the complex permittivity
was determined using Equation 1, as follows:

(1) e=¢ —jg"

where € ,8', and 8” denote the complex
permittivity, the actual part of permittivity,
and the hypothetical part of permittivity (loss
factor), respectively.In the current research, the
permittivity calculations in the complex form
were extremely difficult. Therefore, we used
some simplifications and capacitor concepts.
According to the capacitor equations, the air-to-
medium capacity of the capacitor described the
complex permittivity and normalized permittivity
of the tissues based on the vacuum representing
the relative permittivity. Equations 2 and 3 were
used to calculate the relative permittivity and
conductivity relations, respectively.

(2) g, - ¢

K

3) O_:Ggo
K

In the equations above, C, K, , and G
represent the capacitance of the capacitor in the
tissues, capacitance of the capacitor in the air,
permittivity of the free space, and conductivity
of the capacitor, respectively. Table 4 shows the
dielectric properties of the fabricated phantom.
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Table 4. Values of Dielectric Properties in Each Tissue of

Phantom
Tissues Fat Gland Tumor
Relative permittivity 11.8 138.4 142.5
£,
Electrical conductivity 0.03 0.63 0.71

oS.m™)

Disposition of the phantom in RF radiation

After the measurement of the thermal and
dielectric properties, the phantom was disposed
in an RF field using the Celsius TCS device (Celsius
42+ GmbH, Cologne, Germany) with the frequency
of 13.56 MHz (Fig 7-a). The device is composed of
two pairs of electrodes in two sizes of 15 and 25
centimeters (Fig 7-b), which are located on the
top and at the bottom of the phantom. The shape
of the electromagnetic field between the two
electrodes is depicted in Fig 6.

energy distribution (lines of force)

I arm-electrode 150 mm

3 s

tile-electrode 150 mm

Fig 6. Energy distribution (lines of force; 150-mm electrode on
top and 150-mm electrode at bottom)

SAR measurement

SAR is the rate at which the human body
tissues absorb energy when an external force is
applied. The external force is the energy that is
generated by an electric field, electromagnetic
waves or ultrasound waves.

In the present study, SAR was defined
as the amount of the heat generated by the
electromagnetic waves measured (W/m3) [25].

Since the only heat source and heat absorber
were the electromagnetic field and phantom,
respectively, SAR was considered to be the heat
generation. The SAR at several points of the
phantom was calculated using Equation 4, as
follows:

(4) SAR w /m3)=m62—€|t_0

RESULTS AND DISCUSSION

In the present study, using electrodes with the
same size at each side resulted in focusing at the
central point, where the maximum intensity was
achieved.

Therefore, the tumor was adjusted at this
point in order to prevent the extra heating of the
healthy tissues, particularly the fat tissues, due to
their low specific heat capacity. Fig 7-c shows the
phantom between the two electrodes.

The measurement of temperature at specific
points of the phantom was performed using a
thermocouple (model: Extech 421509).

(a)

Fig 7. RF Hyperthermia Device; a) Celsius TCS (Celsius 42+ GmbH, Cologne, Germany); b) Bottom Electrode of Device (150 mm); c)
Phantom on Hyperthermia Device (Phantom shifted up to adjust tumor on focus point)
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Fig 8. Increasing of temperature in several points of phantom in all states (T/G boundary point as boundary between tumor and
glandular tissues); a) Non-presence state of magnetite; b) State with 0.01 gram of magnetite; c) State with 0.05 gram of magnetite
and d) state with 0.1 gram of magnetite

Fig 8 shows the mean temperature after five
replicates of each state. Each point in Fig 8 was
achieved directly, and the temperature difference
of 0.1°C was recorded. In addition, several powers
and times were investigated with both sizes of
the electrodes so as to determine the proper
parameters.

After multiple tests, the proper power and
time for the breast tissues at the mentioned
frequency were determined to be 40 watts and
five minutes, respectively. In the non-presence
state of magnetite, the temperature of the
tumor from its center to its border was within
the range of 3-3.6°C, while the temperature in
the glandular and fat tissues was estimated at
1.8°C and 1.6°C, respectively. In the state with
0.01 gram of magnetite, the temperature of the
tumor from its center to its border was within
the range of 5.5-3.7°C, while in the glandular
and fat tissues, this value was estimated at
2.5°C and 2.1°C, respectively. In the state with
0.05 gram of magnetite, the temperature of the
tumor from its center to its border was within the
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range of 6.4-6.1°C, while the temperature of the
glandular and fat tissues was estimated at 1.9°C
and 1.7°C, respectively. In the state with 0.1 gram
of magnetite, the temperature of the tumor from
its center to its border was within the range of
10-5.3°C, while the temperature of the glandular
and fat tissues was estimated at 1.9°C and 1.7°C,
respectively.

Asis depictedin Fig 9, at the early stages of the
treatment, the temperature values obtained in all
the states from the center to the border of the
tumor were close. However, the increasing of the
time resulted in the decreased heat transfer from
the center to the border, while the temperature
difference between the two points increased.

In the presence state of magnetite, the
temperature of the tumor center was adequately
high to cause ablation in this region. However,
Fig 9 shows that the heat distribution from the
center to the border of the tumor region in the
states with 0.01 and 0.1 gram of magnetite was
not sufficiently high to cause damage in the entire
tumor region.
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Fig 9. Temperature of each tissue at four different times in all states; a) Non-presence state of magnetite, b) state with 0.01 gram of
magnetite, c) state with 0.05 gram of magnetite; and d) State with 0.1 gram of magnetite
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Fig 10. SAR distribution on phantom for five minutes in all states; a) Non-presence state of magnetite, b) state with 0.01 gram of
magnetite, c) state with 0.05 gram of magnetite, and d) state with 0.1 gram of magnetite
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Therefore, equal heat could not be tolerated by
the entire tumor region in these states. However,
in the state with 0.05 gram of magnetite, equal
heat could be tolerated in the center to the border
of the tumor region.

In the current research, Equation 4 was used
to calculate the SAR of all the states, and the
amount of energy that was absorbed in each state
during treatment was obtained as well. The total
SAR of each phantom is shown in Fig 10. As can be
seen, the total SAR in the phantom was inversely
correlated with the radius due to the properties
of the tissues and focusing. In addition, the high
conductivity of the tumor specifically increased
the absorption rate and heat generation in this
region.

CONCLUSION

In the present study, a homogenous breast
phantom was fabricated for RF hyperthermia
studies with the frequency of 13.56 MHz, which
is commonly used in clinical treatments. Most of
the studies in this regard have used the frequency
bands that are not generally applied in clinical
treatments with other RF sources than clinical
devices. In earlier studies, only the mimicking of a
phantom was considered important. In most of the
researches in this regard, the effects of magnetite
on a gel combination at various concentrations
have not been thoroughly investigated. In our
previous study, we assessed a proper mixture that
was more similar to an actual breast compared
to other mixtures. According to the current
research, the temperature of the tumor increased
by approximately 3-3.6°C, while the increasing of
temperature by at least 6°C is considered essential
to achieving significant effects on the success rate
of breast cancer treatment. Since breast tissues
contain fats, and the specific heat capacity of fat
is lower than other parts, it is crucial to have an
exact focus point and use power and time in order
to prevent damage to these tissues. Consequently,
the increasing of the power and time of treatment
is impossible. In order to achieve adequate
influence on the tumor region in the present
study, magnetic nanoparticles were used to cause
more ablation.

In order to investigate the effects of
magnetite, three different weights of magnetite
were prepared in this study. After measuring
important parameters and ensuring that the
designed phantom was able to represent an actual
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cancerous breast, the phantom was placed in an
electromagnetic field, which has numerous clinical
applications in cancer treatment. The behavior
of the phantom at the RF of 13.56 MHz using
the hyperthermia device indicated the extreme
temperature rise in the tumor tissues in all the
states, causing no damage to the healthy tissues.
Furthermore, the measurement of the increased
temperature at various points and calculation
of the SAR in all the states demonstrated that
in the state with 0.05 gram of magnetite, heat
distribution was adequate to cause damage to
the cancerous breast tissue at the mentioned
frequency using the device.
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