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1 | INTRODUCTION

Ibrahim Vargel®

Abstract

Intelligent inorganic nanoparticles were designed and produced for use in imaging and
annihilating tumour cells by radio-frequency (RF) hyperthermia. Nanoparticles synthesised
to provide RIF hyperthermia must have magnetite properties. For this purpose, magnetite
nanoparticles were first synthesised by the coprecipitation method (10-15 NM). These
superparamagnetic nanoparticles were then covered with gold ions without losing their
magnetic properties. In this step, gold ions are reduced around the magnetite nanoparticles.
Surface modification of the gold-coated magnetic nanoparticles was performed in the next
step. A self-assembled monolayer was created using cysteamine (2-aminoethanethiol)
molecules, which have two different end groups (SH and NH,). These molecules react with
the gold surface by SH groups. The NH, groups give a positive charge to the nanopatticles.
After that, a monoclonal antibody (Monoclonal Anti-N-CAM Clone NCAM-OB11)
was immobilised by the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydrox-
ysuccinimide method. Then, the antenna RF system (144.00015 MHz) was created for RF
hyperthermia. The antibody-nanoparticle binding rate and cytotoxicity tests were followed
by in vitro and in vivo experiments. As the main result, antibody-bound gold-coated
magnetic nanoparticles were successfully connected to tumour cells. After RF hyperther-
mia, the tumour size decreased owing to apoptosis and necrosis of tumour cells.

In the hyperthermia method, the physiological temperature
of the tumour atea is raised a few degrees (~40—
37°C) of th is raised a few deg 40-45°C

Cancer is one of the most important diseases of humans. Itis a
group of diseases characterised by the uncontrolled growth and
spread of abnormal cells, possibly resulting in death if the
spread is not controlled. Although considerable progress has
been achieved in the diagnosis and treatment of cancer, current
levels are not satisfactory [1-3].

Cancer is treated with surgery, radiation, chemotherapy,
hormones, and immunotherapy. The disease will be most treat-
able if malignancies are detected before cells become cancerous,
or at an eatly stage [4]. Because eatly diagnosis is associated with
positive results, there are many incentives for developing tech-
nologies that can detect cancer at its earliest stages [5-7].

Complementary techniques in cancer treatment are used to
improve the life quality of cancer patients alongside standard
methods. Howevert, it is unclear whether these methods are
effective, and the effect varies among patients. Accordingly,
clinical trials cannot be considered the main method [§].

and thus cells die via apoptosis and necrosis [9, 10]. Different
methods are used for hyperthermia energy, one of which is
radio-frequency (RF) hyperthermia, in which hyperthermia is
provided by applying waves on magnetite and gold-coated
magnetite nanoparticles [11].

Magnetic nanoparticles (MNPs) are a major class of
nanoscale materials with the potential to revolutionise current
clinical diagnostic and therapeutic techniques, providing some
attractive possibilities in biomedicine. Owing to their unique
physical properties and ability to function at the cellular and
molecular level of biological interactions, MNPs are actively
being investigated as the next generation of magnetic reso-
nance imaging (MRI) contrast agents [12, 13] and as carriers
for targeted drug delivery [14]. Although eartly research in the
field dates back several decades, the surge of interest in
nanotechnology has significantly expanded the breadth and
depth of MNP research [15, 16]. MNPs with a wide range of
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applications in the detection, diagnosis, and treatment of dis-
ease (such as cancer [17, 18], cardiovascular disease [19], and
neurological disease [20]) may have a significant role in meeting
the health care needs of the future. MNPs can be manipulated
by an external magnetic field gradient; hence, they can be made
to deliver a package, such as an anticancer drug, to a targeted
region of the body, such as a tumour [21, 22].

Gold salt can be reduced at the surface of MNPs to add an
Au layer, which can then be functionalised with thiolated
molecules via a covalent bond to the surface of MNPs [23].

Gold-coated MNPs are biocompatible for both human and
animal applications and can easily be detected using their optical
properties (for various biomedical applications) [24, 25].
Chemical structures of nanoparticles are stable and are nontoxic.
The gold-coating method provides good surfaces for the next
biological functionalisation [26]. Gold-coated MNPs are used in
antibody binding, gene transfer, and antisense therapy. When
gold-coated MNPs carry molecules in the body, they increase the
stability, bioavailability, and survival of molecules [27, 28].

Given that (almost) any substance may create monoclonal
antibodies that specifically bind to that substance, they can
serve to detect or purify the substance. Specific receptors exist
on tumour cells that can be used to identify them. Monoclonal
antibodies connect specifically to the receptor surface on
tumour cells [29, 30].

2 | EXPERIMENTAL SECTION

2.1 | Synthesis and characterisation of
magnetite nanoparticles

The coprecipitation method (mechanical stirrer at high tem-
perature) was used in this synthesis. In the N, atmosphere,
24 ml of 1.25 M Fe™ and Fe™ salt solution and 24 ml of 5 M
NaOH solution were added to 32 ml of deionised water at 80°
C. The black solution was stirred at 2000 rpm for 2 h. Magnetic
particles and nonmagnetic particles were separated with the
help of magnetic separators and then washed several times
with water. Nanoparticles were stabilised with 0.1 M tetrame-
thylammonium hydroxide solution [31]. Then, nanoparticles
were characterised by ZetaPALS, Fourier transform infrared
(FTIR), vibrating sample magnetometer (VSM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),

and transmission electron microscopy (TEM) analyses.

2.2 | Synthesis and characterisation of gold-
coated magnetic nanoparticles

MNPs (1.2 ml) were dispersed in deionised water (100 ml).
Then, 0.7 ml of 0.155 M trisodium citrate was added to the
solution and sonicated for 15 min. The suspension was heated
to boiling (96°C) at a high stirring speed. Gold ions around the
MNPs were reduced by adding 10 ml of 0.01 M tetra-
chloroaurate, and was stirred at boiling point for 15 min. The
suspension was centrifuged at 15,000 rpm, and then magnetic

and nonmagnetic nanoparticles were separated by a magnet.
Oxalate solution dissolved the uncoated MNPs. The suspen-
sion was mechanically stirred in oxalate (0.02 M) for 1 h to
separate gold-coated magnetite nanoparticles [32—34]. Then,
nanoparticles were characterised by ZetaPALS, FTIR, VSM,
XRD, XPS, and TEM analyses.

2.3 | Surface modification of gold-coated
magnetic nanoparticles

Cysteamine solution (1 mM) was prepared. Then, the solution was
prepared with gold-coated MNPs (1 ml) and cysteamine (225 ul)
and shaken in the dark for 12h. A magnetwas used to separate the
nanoparticles from the suspension, followed by the characteri-
sation of nanoparticles with ZetaPALS and FTIR analyses.

2.4 | Immobilisation of antibody on
nanoparticles

Monoclonal antibodies (Monoclonal Anti-N-CAM Clone
NCAM-OB11, Sigma-Aldrich) were immobilised to the syn-
thesised nanoparticles. Cysteamine functionalised-gold-coated
MNPs were dispersed in the phosphate-buffered solution
(pH 7.4). Antibody and nanoparticle solutions were mixed in
the 1:3 (v/v) ratio, and then 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (0.2 M) and N-hydroxysuccinimide (0.05 M) were
added to the activating —-COOH group present in the antibody.
The activated carboxyl group binds to the -NH, group of
cysteamine functionalised-gold-coated MNPs, leading to for-
mation of the amide bond. The solution was washed with
phosphate buffer (pH 7.4) several times and then collected by
centrifugation [35]. The nanoparticles were analysed with FTIR
and ninhydrin test for characterisation.

2.5 | Radio-frequency generator

A handmade RF generator was used. The specific absorption
rate (SAR) simulations were studied for frequencies from 64 to
600 MHz by Winter et al. [36]. The SAR index for
144.00015 MHz (applied here) was considered to be 0.281
(plausible value). In these studies, cell lines and nude mice were
induced by exposure after treatment with the nanoparticles.

3 | RESULTS AND DISCUSSION

3.1 | Size and zeta potential analysis

MNPs were synthesised at different sizes, with an average size
of 63 nm. The average zeta potential of the MNPs was —18 mV.
The average size and zeta potential of gold-coated MNPs were
75 nm and —30 mV, respectively; thus, the thickness of the
gold-coating is 12 nm. The variations in size and zeta potential
in the MNPs are the reason for the gold coating. The average
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TABLE 1 Hydrodynamic size

distribution and zeta potential of synthesised Size (nm) Zeta potential (mV)
nanoparticles Magnetic nanoparticle 63 —18

Au at SPIONs 75 =30

Cysteamine functionalised Au at SPIONs 98 -7

Abbreviation: Au at SPIONs, gold-coated supetparamagnetic iron oxide nanoparticles.
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size and zeta potential of cysteamine functionalised gold-coated
MNPs were 98 nm and —7 mV, respectively. The working
principle of the zeta size is based on dynamic light scattering.
Because of the limitations of this method, the actual size of
nanoparticles was smaller than their graphic size; their di-
mensions were obtained from TEM analysis (Table 1).

3.2 | Fourier transform infrared analysis

In the MNPs, observed bands at 596 and 700 cortrespond to the
Fe-O bond vibration of iron oxide nanoparticles. The peak at
3411 is attributed to the stretching vibrations of OH, which
belongs to OH absorbed by Fe;O4 nanoparticles (Figure 1) [37].

In the FTIR spectra of the gold-coated sample, the peak at
596 shifted to 592 and the peak at 700 completely disappeared.
Trisodium citrate was used as a reducing agent to coat the MNPs
with gold; hence, the bands observed at 1719 cm ™' and 1596 cm ™
waves are the trisodium citrate carboxylate group and the peak
for CH,-O deformation, respectively. These results indicate the
coating of Fe;O4 particles by gold (Figure 1) [37].

In the FTIR spectra of the cysteamine functioned gold-
coated sample, the bands observed at 1659 and at 1395
correspond to N—H bond vibration and C-N bond vibrations,
respectively (Figure 1) [37, 38].

In the FTIR spectra of antibody immobilised gold-coated
MNPs, the peak at 1660 corresponds to C = O bond vibra-
tion. The peaks at 3280 and 1534 belong to the N—H bond of
the secondary amine and the N—H bonds of the secondary and
the primary amides. respectively (Figure 1) [37, 38].

M (meu/g)

3.3 | Vibrating sample magnetometer
analysis

As shown in Figure 2, magnetite nanoparticles and gold-coated
MNPs in a 10,000 G magnetic field show 24 emu/g (Ms) and
3 emu/g (Ms) saturation magnetization, respectively. The re-
sults showed that the magnetic properties of nanoparticles
decreased when the MNPs were coated with gold.

3.4 | X-ray diffraction analysis
To analyse the crystallographic structure of the magnetic
nanoparticles and gold-coated MNPs, XRD analysis was per-
formed. The results are shown in Figure 3.

The peaks of MNPs and gold-coated MNPs respectively
correspond to the standard peaks of MNPs and gold-coated
superparamagnetic iron oxide nanoparticles (Au @ SPIONs)
characteristic diffraction.

3.5 | X-ray photoelectron spectroscopy
analysis

XPS is a quantitative analytical tool, a surface that is sensitive
to the atomic composition of the outermost 10 nm of a
sample surface. Therefore, XPS was used to analyse the

chemical composition of gold-coated MNPs. The binding
energy for the C (Is) peak (284.6 eV) was used as an internal
reference [39, 40].

-15000

Magnetic Field (G)

FIGURE 2 Vibrating sample magnetometer curve of magnetic and gold-coated magnetic nanoparticles
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FIGURE 3 X-ray diffraction pattern for magnetic nanoparticles and gold-coated magnetic nanoparticles

Figure 4 shows the XPS spectra in different spectral re-
gions corresponding to different elements for the gold-coated
MNPs. It displays the binding energies for Fe (2p3/2), Fe
(2p1/2), O (1s), Au (4f7/2), and Au (4£5/2) of Au @ SPIONs
nanoparticles. Figure 4(a) depicts two intense bands with
binding energies of 710.8 and 724.0 eV, which are assigned to
Fe (2p3/2) and Fe (2p1/2), tespectively. Both bands consist of
Fe®* (of FeO) and Fe’ (of Fe203) peaks and are typical
characteristics of the Fe;O, structure. The broad satellite peak
at ~ 718.5 eV corresponds to Fe’*. The Fe (2p3/2) peak
shifted slightly from 711.2 to 710.8 eV owing to the addition of
Au atoms [41, 42]. This indicates a strong electronic interaction
between Au and Fe;O,4. Figure 4(b) shows the XPS O (Is)
specttum of Au @ SPIONs nanoparticles. It consists of a
major peak at 529.8 ¢V and a shoulder band at 531.5 eV,
assigned to the O in Fe-O and O-H groups near iron,
respectively [43]. The appearance of the hydroxyl group peak
shows the surface adsorption of water molecules on Au @
SPIONSs nanoparticles.

Figure 4(c) shows the XPS Au (4f) of Au @ SPIONs
nanoparticles. Gold in the metallic state was detected with

two broad intense bands: one at 83.6 €V for Au” (4f7/2) and
the other at 87.3 eV for Au’ (4f5/2) [44]. These results
demonstrate the presence of Au’ atoms on the Au @
SPIONSs nanoparticles. Moreover, the ratio of Fe to O was
determined to be ~1-1.3 according to the relative peak areas
and their corresponding sensitivity factors. Thus, it well
demonstrates the presence of Au” atoms and Fe;O, in the
nanoparticles.

3.6 | Transmission electron microscopy
analysis

TEM was used to determine the true size distribution of the
nanoparticles owing to limitations caused by the working
principle of the zeta-sized device. The TEM image of MNPs is
blurry because the magnetic characteristics of the nanoparticles
cause them to aggregate on the grid and interact with the
particles of the electron beam. According to the results ob-
tained from TEM images, the sizes of MNPs were around 10—
15 NM (Figure 5).
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Figure 6 shows a TEM image of gold-coated MNPs.
Variations in the TEM image of MNPs is a reason for gold
coating. According to the values obtained from the TEM im-
age, 90% of nanoparticles are 20-30 NM.

3.7 | Ninhydrin test

A ninhydrin test was used to show that antibodies bind to the
modified nanoparticles. For this purpose, 500 pl of antibody-
immobilised gold-coated nanoparticles was added to 500 pl
of ninhydrin solution; after 4 min of holding in boiling water,

(a)

the suspension turned black. The black colour is evidence that
there is an antibody in the suspension.

3.8 | Antibody-nanoparticle binding rate

In this experiment, four different nanoparticle concentrations
(5, 10, 20, and 40 pg/ml) were treated with a constant amount
of the antibody (10 pg/ml). After that, a Cobas Integra 400
Plus device was used to obtain an antibody binding percentage.
The highest binding rate was for 20 pg/ml concentration of
the nanoparticle (Table 2, Figure 7)

(b)
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FIGURE 4 X-ray photoelectron spectroscopy spectra of Au @ SPIONs nanoparticles. (a) Fe (2p), (b) O (Is), and (c) Au (4f). Au @ SPIONS, gold-coated

superparamagnetic iron oxide nanoparticles
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FIGURE 5 Transmission electron microscopy
of magnetic nanoparticle

FIGURE 6 Transmission electron microscopy
of gold-coated magnetic nanoparticles

TABLE 2 Binding quantity and rates of antibody and nanoparticles

Monoclonal antibody (ug/ml) Np (ug/ml) Binding quantity (ug) Binding rate (%) STDEV.S
10 5 3.2 32 0.16
10 10 4.8 48 0.2
10 20 6.8 68 0.34
10 40 5.1 51 0.1
Abbreviation: STD, standard deviation.
TABLE 3 Cell viability 5pg/ml 10 pg/ml 20 pyg/ml 40 pg/ml  Control group
Nanoparticle 83% 77% 1% 60% 87%
Antibody/Nanoparticles 84% 81% 75% 64% 88%

8 100

2 68

© 48 51

o 50 32

£

i = E %_
@ 0

5ug/ml 10 ug/ml 20 ug/ml 40 pg/ml
Nanoparticle Concentrations pg/ml

FIGURE 7 Antibody-nanoparticle binding rate

3.9 | Cytotoxicity assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide) test was used to determine the toxicity of

nanoparticles using the 3T3 cell line (standard fibroblast
cell line). Nanoparticle solution was prepared at four different
concentrations (5, 10, 20, and 40 pg/ml) (Table.3, Figure 8).

Cell viability values in the cytotoxicity test can be accepted
for 5, 10, and 20 pg/ml of nanoparticles. According to the
results of the antibody-nanoparticle binding rate and MTT test,
a concentration of 20 pg/ml was used for nanopatticles in the
experiments.

3.10 |
method

Radio-frequency hyperthermia

Heat generated using RF waves in the presence of synthesised
nanoparticles was studied in our team's previous work [43, 44].
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C)

RF (144.00015 MHz, 120 W) exposed to nanoparticles
revealed that the highest heat rate record belonged to the
MNPs compared with different nanostructures captured by the
infrared thermal camera (FLIR i5).

In Figure 9, the dashed line represents Au @ SPIONs (36—
42.3°C), and the long dashed line denotes MNPs with the
highest heat generation rate (36—44.6°C) in the presence of RF
power.

3.11 | In vitro studies
In the in vitro study, antibody-bound nanoparticles inter-
acted with MCF-7 cells. The antibody-bound nanoparticles
were added to the MCF-7 cells at a concentration of
20 pg/ml in two groups, and the RF generator was operated
in one group at 120 W output power for 50. All groups
were incubated for 48 h and then cells were stained with the
dual staining apoptosis-necrosis method. Then, images were
taken using a DAPI filter on a fluorescence microscope
(Figures 10.1 and 10.2).

Results obtained from cell culture experiments (Figure 11)
show that hyperthermia successfully induces apoptosis and
necrosis.

FIGURE 10 MCF-7 cells were analysed by DAPI (4',6-diamidino-2-phenylindole) filtration (a). The interaction of Au @ SPIONSs (20 pg/ml) with MCF-7
cells was analysed by DAPI filtration (b). The interaction of antibody-bound Au @ SPIONSs (20 pg/ml) with MCF-7 cell before radio-frequency (RF) was
analysed by DAPI filtration (c). The interaction of antibody-bound Au @ SPIONs (20 ug/ml) with MCF-7 cell after RF was analysed by DAPI filtration (d). Au

@ SPIONS, gold-coated superparamagnetic iron oxide nanoparticles
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C)

FIGURE 10 MCF-7 cells were analysed by fluorescein isothiocyanate (FITC) (480-520 nm wavelength) (a). The interaction of Au @ SPIONs (20 pg/ml)
with MCF-7 cells was analysed by FITC (b). The interaction of antibody-bound Au @ SPIONs (20 pg/ml) with MCF-7 cell before radio-frequency (RF) was
analysed by FITC (c). The interaction of antibody-bound Au @ SPIONSs (20 ug/ml) with MCF-7 cell after RF was analysed by FITC (d). Au @ SPIONSs, gold-
coated superparamagnetic iron oxide nanoparticles
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3.12 | In vivo experiments (animal model
studies)

In nude mice, a tumour formed with the injection of
MCF-7 cell solution. Mice were divided into three groups
according to the injection of nanoparticles during the
experiment (control, intratumour injection, and intravenous
injection groups).

Nanoparticles (50 pl) were injected into the tumour for the
intratumour group and 150 pl of nanoparticles into the tail
venously for the intravenous group. MRI was used to show the
fate of nanoparticles in the body. Because of the magnetic
properties of the injected nanoparticles, the MRI image of this
part becomes black when the nanoparticles are collected from
any part of the body (Figures 12 and 13).

As shown in Figure 12, nanoparticles begin to bind to
tumour cells 2 h after intravenous injection; after 4 h, nano-
particles are completely attached to tumour cells. The disap-
pearance of the tumour means the collection of nanoparticles
in the tumour. After 24 h, the tumour looks black owing to the
binding of nanoparticles to tumour cells.
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FIGURE 12 Magnetic resonance imaging of intravenous injection after (a) 0 h, (b) 2 h, (c) 4 h, and (d) 24 h

FIGURE 13 Magnetic resonance imaging of intravenous injection after (a) 0 h, (b) 2 h, (c) 4 h, and (d) 24 h
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FIGURE 14 Magnetic resonance imaging after radio-frequency application in intravenous injection group after (a) 1 week; (b) 2 weeks; (c) 3 weeks

FIGURE 15

INTRAVENOUS

E 7th Day = 14th Day 21th Day

FIGURE 16 Data of intravenous injection group after radio-
frequency application

As shown in Figure 13, nanoparticles begin to bind to
tumour cells after intratumour injection. Antibodies immobi-
lised to nanoparticles are specific antibodies to MCEF7 cells that
attach to receptors on the surface of tumour cells. Thus, gold-
coated MNPs accumulate in tumours; therefore, the tumour
looks black.

The results obtained from MRI images show that
the designed nanoparticles bind successfully to cancerous cells.

Magnetic resonance imaging after radio-frequency application in intratumour injection group after (a) 1 week; (b) 2 weeks; (c) 3 weeks

INTRA TUMOR

E 7th Day = 14th Day 21th Day

4
0 -
A B C Control
Group

FIGURE 17 Data of intratumour injection group after radio-
frequency (RF) hyperthermia

3.13 | Application of radio-frequency

The nude mice were weighed one by one, and then anaesthesia
was performed by inhalation using isoflurane. RI application
on animals was performed once (120 W/144.00,015 MHz/
50 min) in the intravenous injection and intratumour injection
groups (Figures 14 and 15). We selected these data because of
results from our previous studies [45, 46]. The increase in
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FIGURE 18 Local photo from mouse: (a) immediately after radio-frequency (RF) application; (b) 1 week and (c) 3 weeks after RF application in

intratumour injection group

a o

FIGURE 20

temperature in the tumour area was controlled by a thermal
thermometer during the application of RE.

According to the results, when mice were administered RF
after intravenous injection, an approximately 34% reduction in
tumour size was recorded at the end of the third week
(Figure 10).

An approximately 53% reduction in tumour size was noted
at the end of the third week after RF application in the tumour
injection group. A reduction in tumour size as a result of RF

(a) immediately after radio-frequency (RF) application; (b) 1 week and (c) 3 weeks after RF application in intravenous injection group

hyperthermia occurs owing to apoptosis and necrosis of cancer
cells (Figure 17).

The data of experiments that hyperthermia
with RF (by gold-coated magnetic nanoparticles) causes a
significant loss of tumour cells within 3 weeks (Figures 18
and 19)

According to the data obtained from the experiments on

show

mice, the rates of apoptosis and necrosis increased in
cancerous cells when nanoparticles were injected into the
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tumout. Thus the tumour size in the intratumour injection
group is smaller than that in the intravenous injection group
(Figures 20 and 21)

The difference in the tumour size between the intratumour
and intravenous groups is due to the different concentrations
of nanoparticles in the tumour. The nanoparticle concentration
decreases when it is injected intravenously. Because the
nanoparticle circulates in all organs of the body, a small
amount of nanoparticles is collected in the tumour.

3.14 | Histopathology evaluation of tumoutrs
after radio-frequency application (treatment)

Tumour histopathology was evaluated in all groups after
treatment. The accumulation of collagen fibres in the tissue is
seen in the control group. Connective tissue is formed instead
of normal tissue (desmoplasia). Tumour cells are seen with
torn nuclei intensely and irregularly in all tissues. Macrophage
cells and mitotic divisions are seen in tumour tissue. These are
positive indices for tumour detection (Figure 22).

The number of tumour cells decreases in the treated

groups and the remains of tumour cells are observed in some
places. The cancerous cells were deformed and their
changed after

morphology treatment. Histiocytes —are

FIGURE 21

injection; and (b) 3 weeks after nanoparticle injection

(a) control group immediately after nanoparticle

responsible for removing cells undergoing apoptosis and ne-
crosis after treatment. There were fibrotic tissues in histopa-
thology images. The formation of fibrous tissue shows that the
tissue repaits the arrival of connective tissue and starts the
repair period (Figure 23).

4 | CONCLUSION

Much evidence was found confirming the damaging effect of
nanoparticle-mediated RF hyperthermia on morphological
changes in tumour tissues. Investigation of the heat generation
of nanoparticles induced by RF revealed that the highest
tempetature was produced by Au @ SPIONs compated with
othet nanopatticles. We observed 10.44% =+ 0.89% (Au @
SPIONs) and 9.23% =+ 1.43% (antibody-bound Au @
SPIONSs) apoptosis when nanoparticles were added to MCF-7
cells.  After the application of RF  hyperthermia,
58.7% =+ 1.12% apoptosis and 14.8% = 1.63% necrosis were
calculated in MCF-7 cells. According to the results, after RF
hyperthermia was applied, a significantly higch number of the
cells underwent apoptosis. Consequently, nanoparticles were
designed and synthesised, and the established RF system was
successful.

According to the results of in vivo studies, the tumour
image is black on MRI after 24 h because there is adhesion of
nanoparticles to cancer cells after intratumour injection. In the
intravenous group, nanoparticles begin to bind to tumour cells
2 h after injection. After 4 h, the nanoparticles are bound to all
tumour cells so that the tumour image becomes black. An
approximately 34% reduction in the tumour size was noted at
the third week when RF hyperthermia was applied after
intravenous injection of mice. At the end of the third week,
about 53% reduction in tumour size was recorded, when RF
hyperthermia was applied after the intratumour injection. The
reduction in tumour size as a result of RF hyperthermia is the
result of the apoptosis of cancer cells. There is a difference
between the intratumour and intravenous groups (the rate of
reduction in the tumour size) because the nanoparticle in the
intravenous group is less collected than in the intratumour

FIGURE 22 Histopathology evaluation of control group (a) — desmoplasia, © tumour cells, O malignant tumour cells, O macrophage cells; (b) © mitosis

(mitotic division)
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FIGURE 23 Histopathological microscopic images of tumours after radio-frequency hyperthermia treatment: (a, b) intratumour group; (c, d) intravenous

group). O, tumour Cells; O, histiocytes; —, fibrotic tissues

injection group. Also, pathology and histology studies proved
that RF exposure can penetrate fibrotic tissue, which is the
main component of tumour tissue. Histological necrosis in the
tumour tissue proves the proper diffusion of antenna modulus
RF waves creating histological damage in the tissue.

As a result, the most important originality of this work is
that antibody-bound gold-coated MNPs (designed and syn-
thesised here) were successfully connected to tumour cells, and
tumour size decreased after RF hyperthermia owing to
apoptosis and necrosis of tumour cells.

ACKNOWLEDGEMENTS

The authors would like to thank Prof. Dr. Erhan BISKIN,
Prof. Dr. Sadan OZCAN and Prof. Dr. Ismail CENGIiZ
KOGCUM for their help in this study.

REFERENCES

1. Greenlee, R.T, et al.: Cancer statistics, 2001, CA A Cancer ] Clin, 51, pp.
15-36. (2001)

2. Greenlee, R'T., Howe, H.L.: County-level poverty and distant stage
cancer in the United States, Cancer Causes Control, 20, 989—1000 (2009).
https://doi.org/10.1007/510552-009-9299-x

3. Torpy, J.M., Lynm, C., Glass, RM.: JAMA patient page. Cancer: the
basics. JAMA. 304, 1628 (2010). https://doi.org/10.1001/jama.304.14.
1628

4. Siegel, R., et al.: 2011: the impact of eliminating socioeconomic and racial
disparities on premature cancer deaths. CA: A Cancer J. Clin. 61, 212-236
(2011). https://doi.org/10.3322/caac.20121

5. Etzioni, R, et al.: The case for early detection. Nature Rev. Cancer. 3,
243-252 (2003). https://doi.org/10.1038/nrc1041

10.

11.

12.

13.

14.

15.

16.

17.

Weissleder, R.: Molecular imaging in cancer. Science. 312, 1168-1171
(2006). https://doi.org/10.1126/science.1125949

Siegel, R., Naishadham, D., Jemal, A.: Cancer statistics, 2012, CA A
Cancer J. Clin, 62, pp. 10-29. CA Cancer | Clin62 (2012). https://doi.
otg/10.3322/caac.20138

Field, S.B., Blechen, N.M.: Hyperthermia in the treatment of cancer,
Canc Treat Rev, 6, pp. 63-94. Cancer Treat Rev6 (1979)

Dickson, J.A.: Hyperthermia in the treatment of cancer, Lancet, 313, pp.
202-205. (1979)

Quinto, C.A., et al: Multifunctional superparamagnetic iron oxide
nanoparticles for combined chemotherapy and hyperthermia cancer
treatment. Nanoscale. 7, 12728-12736 (2015). https://doi.org/10.1039/
c5nr02718g

Raoof, M., et al.: Tumour selective hyperthermia induced by short-wave
capacitively-coupled RF electric-fields. PLoS One. 8, e68506 (2013).
https://doi.org/10.1371/journal.pone.0068506

Corot, C., et al.: Recent advances in iron oxide nanocrystal technology
for medical imaging. Adv. Drug Deliver Rev. 58, 1471-1504 (2006)
Shanavas, A., et al.: Magnetic core-shell hybrid nanoparticles for receptor
targeted anti-cancer therapy and magnetic resonance imaging. J. Colloid
Interface Science. 486, 112-120 (2017). https://doi.org/10.1016/j.jcis.
2016.09.060

Pankhurst, Q.A., et al: Applications of magnetic nanoparticles in
biomedicine. J. Phys. D Appl. Phys. 36, R167-R181 (2003)

Dobson, J.: Magnetic nanoparticles for drug delivery. Drug Develop Res.
67, 55-60 (20006)

Gogola, D,, et al.: Magnetic resonance imaging of the static magnetic field
distortion caused by magnetic nanoparticles: simulation and experimental
verification. J. Magn. Magn. Mater. 380, 261-265 (2015). https://doi.org/
10.1016/j.jmmm.2014.10.038

Ferrari, M.: Cancer nanotechnology: opportunities and challenges. Na-
ture Reviews. Cancer. 5, 161-171 (2005). https://doi.org/10.1038/
nrc1566


https://doi.org/10.1007/s10552-009-9299-x
https://doi.org/10.1001/jama.304.14.1628
https://doi.org/10.1001/jama.304.14.1628
https://doi.org/10.3322/caac.20121
https://doi.org/10.1038/nrc1041
https://doi.org/10.1126/science.1125949
https://doi.org/10.3322/caac.20138
https://doi.org/10.3322/caac.20138
https://doi.org/10.1039/c5nr02718g
https://doi.org/10.1039/c5nr02718g
https://doi.org/10.1371/journal.pone.0068506
https://doi.org/10.1016/j.jcis.2016.09.060
https://doi.org/10.1016/j.jcis.2016.09.060
https://doi.org/10.1016/j.jmmm.2014.10.038
https://doi.org/10.1016/j.jmmm.2014.10.038
https://doi.org/10.1038/nrc1566
https://doi.org/10.1038/nrc1566

DIDARIAN anp VARGEL

653

18.

19.

20.

21.

22.

23,

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Giiltekin, M., et al.: Tirkiye Kanser Istatistikleri. Tiirkiye Birlesik Veri
Tabant. Turkey. pp. 24-31 (2016)

Wickline, S.A., et al.: Molecular imaging and therapy of atherosclerosis
with targeted nanoparticles. ] Magn Reson Imaging. 25, 667-680 (2007)
Corot, C., et al.: Macrophage imaging in central nervous system and in
carotid atherosclerotic plaque using ultrasmall superparamagnetic iron
oxide in magnetic resonance imaging. Investigative Radiology. 39,
619-625 (2004)

Gubin, S.P.: Magnetic nanopatrticles, pp. 393. Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim (2009). https://doi.org/10.1002/9783527627561
Alexiou, C., et al: Nanomedicine: magnetic nanoparticles for drug
delivery and hyperthermia - new chances for cancer therapy. Bundes-
gesundheitsblatt Gesundheitsforschung Gesundheitsschutz. 53, 839-845
(2010). https://doi.org/10.1007/500103-010-1097-9

Robinson, I, et al.: Synthesis of core-shell gold coated magnetic nano-
particles and their interaction with thiolated DNA. Nanoscale2. 2,
2624-2630 (2010). https://doi.org/10.1039/c0nr00621a

Li, Y, et al: Biocompatibility of Fe(3)O#)@Au composite magnetic
nanoparticles in vitro and in vivo. Inter. J Nanomedicine. 6, 2805-2819
(2011). https://doi.org/10.2147/1JN.S24596

Markides, H., Rotherham, M., El Haj, A.J.: Biocompatibility and toxicity
of magnetic nanoparticles in Regenerative Medicine. ] Nanomater 1-11
(2012)

Moraes Silva, S., et al.: Gold coated magnetic nanoparticles: from prep-
aration to surface modification for analytical and biomedical applications.
Chem. Commun. 52, 7528-7540 (2016). https://doi.org/10.1039/
c6cc03225g

Tan, G., Onur, M.A., Saglam, N.: Nano gold and biomedicine: scientific
letter, Turkiye Klinikleri ] Med Sci, 32, pp. 499-506. (2012). https://doi.
org/10.5336/medsci.2010-21147

Tan, G., Onur, M.A., Saglam, N.: Utilization of gold nanostructures in
biomedical applications. Turk ] Biol. 36, 607-621 (2012). https://doi.
org/10.3906/biy-1112-6

Attarwala, H.: Role of antibodies in cancer targeting, J. Nat. Sci. Biol.
Medi. 1, 53-56 (2010). https://doi.org/10.4103/0976-9668.71675
Fedyanin, M., et al.: A population study of correlation between the
treatment rate for monoclonal antibodies (Mabs) and mortality rate in
patients with metastatic colorectal cancer (mCRC) in Russia. Annals of
Oncology. 27, 15-15 (2016)

Zhu, Y.H., Wu, Q.F.: Synthesis of magnetite nanoparticles by precipita-
tion with forced mixing. ] Nanopart Res. 1, 393-396 (1999)

Pham, T.T.H., Cao, C., Sim, J.: Application of citrate-stabilised gold-
coated ferric oxide composite nanoparticles for biological separations. |
Magn Magn Mater. 320, 20492055 (2008)

Lu, QH., et al: Synthesis and characterisation of composite nano-
particles comprised of gold shell and magnetic core/cores. J. Magn.
Magn. Mater. 301, 44—49 (20006)

Gu, FX,, et al.: Targeted nanoparticles for cancer therapy. Nano. Today.
2, 14-21 (2007)

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Sharma, A., et al.: Antibody immobilised cysteamine functionalised-gold
nanoparticles for aflatoxin detection. Thin. Solid Films. 519, 1213-1218
(2010). https://doi.org/10.1016/].ts£.2010.08.071

Winter, L., et al: Design and evaluation of a hybrid radiofrequency
applicator for magnetic resonance imaging and RF induced hyperther-
mia: electromagnetic field simulations up to 14.0 Tesla and proof-of-
concept at 7.0 Tesla. PloS One. 8(4), e61661 (2013)

Salehizadeh, H., et al.: Synthesis and characterisation of core-shell
Fe304-gold-chitosan nanostructure. J.  Nanobiotechnology. 10(3),
(2012). https://doi.org/10.1186/1477-3155-10-3

Ghaznavi, H., Hosseini-Nami, S., et al.: Folic acid conjugated PEG
coated gold—iron oxide core—shell nanocomplex as a potential agent for
targeted photothermal therapy of cancer. Artif. Cells, Nanomed. Bio-
technol. 46(8), 1594-1604 (2017). https://doi.org/10.1080/21691401
Lee, CY,, et al: Surface coverage and structure of mixed DNA/
alkylthiol monolayers on gold: characterisation by XPS, NEXAFS, and
fluorescence intensity measurements. Anal. Chem. 78, 3316-3325
(20006)

Wang, L., et al.: Iron oxide—gold core—shell nanoparticles and thin film
assembly. J. Mater. Chem. 15, 1821-1832 (2005)

Barr, TL.: An ESCA study of the termination of the passivation of
elemental metals. ] Phys Chem. 82, 18011810 (1978)

Wang, C.T., Ro, S.H.: Sutface nature of nanoparticle gold/iron oxide
acrogel catalysts. J. Non-Cryst. Solids. 352, 35—43 (2006)

Epling, WS., et al.: Surface characterisation study of Au/a-Fe203 and
Au/Co304 low-temperature CO oxidation catalysts. J. Phys. Chem. 100,
9929-9934 (1996)

Negishi, Y., Nobusada, K., Tsukuda, T.: Glutathione-protected gold
clusters revisited: bridging the gap between gold(i)—thiolate complexes
and thiolate-protected gold nanocrystals. J. Am. Chem. Soc. 127,
5261-5270 (2005)

Nasseri, B., et al: Antenna-type radiofrequency generator in
nanoparticle-mediated hyperthermia. RSC Adv. 6(54), 48427-48434
(2016). https://doi.org/10.1039/C6RA03197H

Nasseri, B, et al.: Penetration depth in nanoparticles incorporated radi-
ofrequency hyperthermia into the tissue: comprehensive study with
histology and pathology observations. IET Nanobiotechnol. 13, 634—639
(2019). https://doi.org/10.1049/iet-nbt.2019.0066

How to cite this article: Didarian, R., Vargel, I.:
Treatment of tumour tissue with radio-frequency
hyperthermia (using antibody-carrying nanoparticles).
IET Nanobiotechnol. 15(8), 639-653 (2021). https://
doi.org/10.1049/nbt2.12061



https://doi.org/10.1002/9783527627561
https://doi.org/10.1007/s00103-010-1097-9
https://doi.org/10.1039/c0nr00621a
https://doi.org/10.2147/IJN.S24596
https://doi.org/10.1039/c6cc03225g
https://doi.org/10.1039/c6cc03225g
https://doi.org/10.5336/medsci.2010-21147
https://doi.org/10.5336/medsci.2010-21147
https://doi.org/10.3906/biy-1112-6
https://doi.org/10.3906/biy-1112-6
https://doi.org/10.4103/0976-9668.71675
https://doi.org/10.1016/j.tsf.2010.08.071
https://doi.org/10.1186/1477-3155-10-3
https://doi.org/10.1080/21691401
https://doi.org/10.1039/C6RA03197H
https://doi.org/10.1049/iet-nbt.2019.0066
https://doi.org/10.1049/nbt2.12061
https://doi.org/10.1049/nbt2.12061

	Treatment of tumour tissue with radio‐frequency hyperthermia (using antibody‐carrying nanoparticles)
	1 | INTRODUCTION
	2 | EXPERIMENTAL SECTION
	2.1 | Synthesis and characterisation of magnetite nanoparticles
	2.2 | Synthesis and characterisation of gold‐coated magnetic nanoparticles
	2.3 | Surface modification of gold‐coated magnetic nanoparticles
	2.4 | Immobilisation of antibody on nanoparticles
	2.5 | Radio‐frequency generator

	3 | RESULTS AND DISCUSSION
	3.1 | Size and zeta potential analysis
	3.2 | Fourier transform infrared analysis
	3.3 | Vibrating sample magnetometer analysis
	3.4 | X‐ray diffraction analysis
	3.5 | X‐ray photoelectron spectroscopy analysis
	3.6 | Transmission electron microscopy analysis
	3.7 | Ninhydrin test
	3.8 | Antibody‐nanoparticle binding rate
	3.9 | Cytotoxicity assay
	3.10 | Radio‐frequency hyperthermia method
	3.11 | In vitro studies
	3.12 | In vivo experiments (animal model studies)
	3.13 | Application of radio‐frequency
	3.14 | Histopathology evaluation of tumours after radio‐frequency application (treatment)

	4 | CONCLUSION
	ACKNOWLEDGEMENTS


