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Magnetic hyperthermia is one of the most effective methods for treatment of cancer. In this work we discuss
synthesis of magnetic iron oxide nanorods (IONRds) and their application for enhanced magnetic hyperthermia.
By microwave irradiation the monodisperse water-soluble IONRds with clear morphology were obtained.
Magnetic measurements showed that such IONRds have high value of coercivity (141 Oe). Moreover, hy-
perthermia experiments with synthesized samples were carried out. At the frequency and field strength of al-

ternating magnetic field (AMF) f = 261 kHz H = 20kAm ™ ! the specific absorption rate (SAR) and intrinsic loss
power (ILP) values were equal to 147 W g~ ! and 1.4 nHm? kg~ ! respectively, which confirms the efficiency of
synthesized nanorods in hyperthermia applications.

1. Introduction

Anisotropic magnetic nanoparticles are of particular interest for
biomedical applications [1]. Previously it has been shown that such
nanoparticles can be used in magnetic resonance imaging (MRI) as ef-
fective contrast agents [2-6] as well as in drug delivery [7].

In recent years, increased interest has been given to the develop-
ment of magnetic nanoparticles for the treatment of tumors by hy-
perthermia [8,9]. Under the action of a high-frequency magnetic field,
such nanoparticles produce a heat and lead to local damage and de-
struction of defective cells, while healthy cells remain intact.

The shape, size and efficiency of heating, characterized by the
specific absorption rate (SAR) of magnetic nanoparticles are the key
parameters that determine their suitability and effectiveness for hy-
perthermia. A number of authors investigated size-dependent heating of
magnetic nanoparticles [10,11]. Numerous experimental data on the
SAR study for magnetic iron oxide nanoparticles with a magnetic core
size < 20nm indicate the maximum efficiency of hyperthermia for
15 nm nanoparticles [12-14]. However, these data contradict the fact
that some of the highest SAR values were obtained for iron oxide na-
noparticles with a magnetic core size > 20 nm [15].

Moreover, it was shown that anisotropic nanoparticles are more
preferable for hyperthermia than spherical one [8,16,17]. Recently Raja

Das et al. demonstrated that the SAR of iron oxide nanostructures can
be enhanced and tuned by altering their aspect ratio [18]. In this work a
comparison between spherical, cubic and rod-like nanoparticles was
carried out as a result of which it was found that the last one demon-
strate the highest SAR value (862W/g for AMF with frequency of
310kHz and H = 300 Oe). Due to the high aspect ratio, magnetic na-
norods have the high values of coercivity and produce a lot of heat in
high frequency magnetic field, which can be effectively used in tumor
hyperthermia. Additionally, it was shown that magnetic nanorods in-
teraction with a lipid membrane can cause membrane deformation
under the action of an AMF [19]. Thus, synthesis and physicochemical
investigation of iron oxide nanorods for enhanced magnetic hy-
perthermia is very important task, requiring more detailed study.

2. Experimental section
2.1. Materials

Iron (III) chloride (FeCls; 97%, reagent grade), branched poly-
ethylenimine (PEL M,, = 25000), hydrazine hydrate (50-60%, reagent
grade), NaOH (reagent grade), HCl (36%), HNO; (65%), ethanol (95%)
and acetone (99%) were purchased from Sigma-Aldrich. All reagents
were used without any further purification. 3-(4,5-dimethylthiazol-2-
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Table 1
The main parameters of the syntheses and the obtained results.

Sample Concentration of ~ Number of Shape of The average size of
hydrazine irradiation nanoparticles  nanoparticles, nm
hydrate in final cycles
solution, mol/L Length  Diameter

N-0 0 0 rod-like 21 4

N-1 0.052 3 rod-like 21 4

N-2 0.103 3 rod-like 22 4

polyhedral 28
plates

N-3 0.503 3 polyhedral 35

plates

y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) (CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay)
was purchased from Promega, USA. Ultra-pure deionized Milli-Q water
was obtained by Millipore Milli-Q Academic System.

2.2. B-FeOOH nanorods synthesis

B-FeOOH nanorods were obtained by hydrolysis of FeCl; water so-
lution in the presence of brunched high-weight PEI [20]. Firstly, 4 mL
of PEI were dissolved in 200 mL of deionized water in 250 mL round-
bottom flask, after that 5.08 g of FeCl; were added to the obtained
solution. The mixture was heated to 80 °C under magnetic stirring for
2 h. After cooling the mixture to room temperature the pH was adjusted
to 7.0 by 2M NaOH. The precipitate was separated by centrifugation
and washed several times with deionized water.

2.3. IONRds synthesis

B-FeOOH nanorods water solution with iron concentration
[Fe] = 3mg/mL were mixed with different amounts of hydrazine hy-
drate (Table 1). The mixture was placed in hermetic ampoule, which
was then undergone by various number of microwave irradiation cycles
(each cycle included heating solution to 100 °C, sustaining for 30 s and
cooling down to 35 °C). Microwave synthesis was performed in Anton
Paar — Monowave 300 microwave synthesis reactor in 30 mL vials. The
final product was separated from solution by centrifugation and washed
several times with deionized water.

2.4. Samples characterization

2.4.1. Transmission electron microscopy (TEM) investigations.

TEM images of synthesized samples were taken on JEOL JEM-1400
(120 kV) microscope. All samples were prepared by dropping water
dispersion of synthesized samples onto a carbon-coated copper grid
(300 mesh) and subsequently evaporating the solvent. The average
diameter and size distribution were evaluated by using ImageJ soft-
ware.

2.4.2. X-ray diffraction (XRD) analysis

XRD patterns were obtained using an X-ray power diffractometer
Rigaku Ultima IV with Co Ka radiation at room temperature. The data
were collected from 20 = 20 to 140° at a scan rate 0,1° per step and 3 s
per point.

2.4.3. Magnetic measurements

M —H hysteresis loops (from —30 to 30 kOe, 300 K) were obtained
on «Quantum Design» Physical Property Measurement System (PPMS)
equipped with vibration magnetometric device (VSM) with 2mm am-
plitude of oscillations, 40 Hz frequency.
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2.4.4. Thermogravimetric analysis

Thermogravimetric curves were recorded on synchronous thermo-
gravimetric analyzer Netzsch STA 449 F3. In a typical procedure 5 mg
of samples were heated in corundum crucibles under argon flow in
temperature range 50-800 °C with a heating rate of 10 °C/min.

2.4.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of samples were registered by means of a Nicolet 380
instrument (Thermo Scientificc USA), in KBr, in the range
400-4000 cm ™. Infrared spectra were obtained by the KBr pellet
method. In this method, the solid sample is finely pulverized with pure,
dry KBr, the mixture is pressed in a hydraulic press to form a trans-
parent pellet, and the spectrum of the pellet is measured.

2.4.6. Dynamic
measurements

DLS analysis and {-potential measurements were performed on
Zetasiser Nano ZS device. The iron concentration in each sample was
1 mg/mL.

light scattering (DLS) analysis and ({-potential

2.4.7. Magnetic hyperthermia

Hyperthermia experiments were performed in an alternating mag-
netic field generator Nanomaterials TOR ULTRA HT with biologically
reasonable field parameters: strength of magnetic field H = 20kAm ™!
and frequency f = 261400 Hz. 150 pL of each sample were tested in a
range of different concentrations, which were determined using a
standard ferrozine-based assay protocol [21].

2.4.8. Cell culture

4 T1 mouse breast cancer cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cul-
tured in RPMI-1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco) and 2 mM 1-glutamine (Gibco) at 37 °Cin a
humidified incubator supplied with 5% CO.

2.4.9. Hyperthermia in vitro experiments

Cells were seeded in the wells of Stripwell 96 well plates (Corning)
at concentration of 10 000 cells per well. Automatic cell counter EVE
was used to count the cells. After 2 days, culture medium from the cells
was replaced by 150 uL of nanoparticles solution in sorbitol. Obtained
samples were exposure to high-frequency alternating magnetic field
(AMF) for 15-20 min. Following parameters of AMF were applied —
f = 261-393kHz, H = 20kAm ™! - to keep constant temperature. A
magnetic field was created in an AMF generator TOR UltraHT. The
temperature was measured by thermal imager Seek Thermal. Cells,
incubated in full culture medium, sorbitol and nanoparticles in sorbitol
at 37 °C in the incubator, were used as controls.

2.4.10. MTS assay

After hyperthermia, the medium with nanoparticles from each well
was replaced by 120 pL of new culture medium/MTS reagent solution at
a rate of 20 uL. MTS reagent per 100 uL culture medium. Cells were
incubated with MTS for 4 h at 37 °C in darkness. After this wells were
placed on the permanent magnet in order to remove nanoparticles from
solution, and 80 pL of the obtained solution were carefully replaced in
new 96-well plate. The absorbance of the solution was measured at
490 nm using Thermo Scientific Multiskan GO spectrometer.

2.5. Statistical analysis

The percentage of live cells in the MTS-assay was represented as
mean * SD (for four repeats in each experiment). Percentage of live
cells, cultivated in full culture medium in incubator, was taken as
100%. Plotting and calculation of the standard deviation value were
made using Microsoft Excel software. P value was calculated using one-
way ANOVA calculator. P values < 0.01 were considered significant.



A. Nikitin et al.

3. Results and discussion
3.1. Synthesis of nanorods

Previously several approaches to synthesize iron oxide nanorods
were described [20,22]. In these works, the resulting iron oxide na-
norods were hydrophobic due to the usage of oleylamine or hex-
adeclamine and further surface functionalization in order to get a stable
colloidal water solution was needed. We suggest a faster method in-
cluding hydrolysis of iron (III) salt in the PEI presence as previously
described [20] and the following reduction of obtained nonmagnetic
precursor (3-FeOOH) by hydrazine hydrate under microwave irradia-
tion. Hydrazine hydrate acts as an electron donor for the reduction of
Fe>* to Fe?>* according to Eq. (1):

128—FeOOH(s) + N,H,(aq) — 4Fe;04(s) + 8H,0 + N,(g) (¢)

Earlier, the attempts to describe the mechanism and kinetics of the
process of akaganeite reduction to magnetite under the action of hy-
drazine hydrate were carried out [23]. According to this investigation
the mechanism of such reduction can be described as Egs. (2)—(4):

B—FeOOH(s) + H,0 < Fe(Ill)(aq) + 30H~ 2)
N H - Iy 4w

Fe(III)(aq) + 4N2H4 Fe(l) + 4N2 +H @)

Fe(II)(aq) + 26—FeOOH(s) — Fe30,4(s) + 2H' 4

Microwave-assisted chemical reactions are now well-established
practice to produce nanoparticles and various organic substances [24].
However, microwave synthesis of nanoparticles requires the selection
of certain parameters, which is a laborious task. We developed and
optimized the scheme for producing magnetic IONRds. The synthesis
scheme gives several opportunities to vary the parameters in order to
get the IONRds with the desired size, morphology and SAR values.
Firstly, the amount of PEI can directly affect the size of nanorods [20].
In our work we used 2 mL of PEI to produce -FeOOH nanorods with
length 21 nm and diameter 4nm (Fig. 1). Secondly, the number of
microwave irradiation cycles varied from 1 to 3. Finally, the hydrazine
hydrate concentration in final solution varied from 0.052mol/L to
0.503 mol/L (Table 1).

3.2. Characterization of samples by TEM

To show the influence of hydrazine hydrate as well as the amounts
of microwave irradiation cycles on the final shape of the samples the
transmission electron microscopy was performed. As a result, a number
of images of samples was obtained (Fig. 1). It can be seen that 3-FeOOH
precursor (N-0) and sample N-1 have the clear rod-like morphology.
The samples N-2 and N-3 represent the mixture of nanorods and poly-
hedron nanoparticles. All histograms of nanoparticles size distribution
are presented in Fig. S1. The average length and diameter of the pre-
cursor N-O are 21 and 4 nm respectively (aspect ratio is 5.25).

One cycle of microwave irradiation of the precursor N-0 in the
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Fig. 2. XRD patterns of synthesized samples with the indexation of the Bragg
peaks.

concentration range of hydrazine hydrate from 0.052 to 0.503 mol/L
led to the formation of nanorods that did not have magnetic properties.
Two cycles of microwave irradiation of N-0 at hydrazine hydrate con-
centration 0.052mol/L resulted in obtaining magnetic nanorods,
however, the study of the sample phase composition showed the pre-
sence of goethite (a-FeOOH) and akaganeite (B-FeOOH) in nanorods
structure (Fig. S2). The increase in the concentration of hydrazine hy-
drate led to the loss of the rod-like shape of nanoparticles (Fig. S3).
Finally, we investigated the influence of three microwave irradiation
cycles of N-0 on the final shape and structure of obtained nanoparticles.
As a result, after the reduction of the precursor at the concentration of
hydrazine hydrate 0.052 mol/L using three microwave irradiation cy-
cles we preserved rod-like shape and size of nanoparticles (N-1) and
obtained pure magnetite phase composition (Fig. 1, Fig. 2). The average
length and diameter of N-1 are 21 and 4 nm respectively (aspect ratio is
5.25). A further increase in the concentration of the reducing agent led
to a gradual loss of the rod-like shape of the nanoparticles. At the
concentration of hydrazine hydrate 0.103 mol/L (N-2) a large number
of polyhedron nanoparticles with average size 28 nm were formed. The
concentration of hydrazine hydrate 0.503 mol/L (N-3) led to formation
of iron oxide nanoparticles with various shapes and average size 35 nm.
Thus, using such scheme of reduction we preserved the aspect
ratio = 5.25 of nanorods in comparison with other works [20,25] in
which the precursor loses the rod-like shape after reduction.

3.3. Characterization of samples by XRD

The X-ray diffraction patterns of synthesized samples are shown in
Fig. 2. The position and relative intensity of the diffraction peaks for
precursor (N-0) can be indexed to pure akaganeite [(-FeOOH
(a=10.535A, c=3.030A, ICDD 34-1266). After reduction of

N-2
> N

Fig. 1. TEM images of synthesized samples.
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Fig. 3. Room temperature magnetic curves of samples.

precursor in the presence of hydrazine hydrate by microwave oven the
new diffraction peaks are observed. The XRD spectra of samples N-1, N-
2 and N-3 can be attributed to magnetite Fe;O,4 (a = 8.396 f\, ICDD no.
19-0629) or maghemite y-Fe;O5; (a = 8.346 f\, ICDD 39-1346) pat-
terns. The XRD characteristics of the obtained samples are presented in
Table S1.

3.4. Magnetic properties of samples

The M —H loops of synthesized samples are shown in Fig. 3. Mag-
netic hysteresis measurements were normalized to magnetite content
determined using TGA (Fig. S4). At the temperatures of 50-200 °C the
weight loss is related to removal of the physically adsorbed water on
the surface of nanoparticles. Also it is known that the degradation of
inorganic and organic molecules occurs in the range from 100 to 500 °C.
Weight reduction at the range above 500 °C is most likely due to the
magnetite phase transformation processes [26]. Especially for PEI coat
it has been observed that it decomposed at the temperatures of
200-400 °C [27,28]. For all three samples it can be seen from obtained
TGA curves that the main weight losses occur up to 400 °C and further
changes in the mass of the samples are insignificant (Fig. S4). In Fig. 3 it
can be seen that the saturation magnetization values M increase to
85.1 emu/g with increasing average particle size. The main magnetic
parameters of samples are presented in Table 2. The high values of
coercivity prove ferromagnetic nature of synthesized samples.

In contrast to Mohapatra J. et al. [20] where Mg = 50 emu/g was
obtained for IONRds with length 30 nm, in our work we observed the
similar value (54.4 emu/g) for 21 nm nanorods

N-1. Furthermore, the authors noted the superparamagnetic beha-
vior of 30-70 nm Fe30,4 nanorods, which contradicts the results ob-
tained for 21 nm N-1, which has a coercivity of 141 Oe. However, the
magnetic measurements data for nanorods N-1 correlate with earlier
works [29] where the value of My = 58 emu/g was obtained for y-Fe,O3
nanorods with length 30 = 9.7 nm and diameter 5.7 = 1.8 nm (aspect

Table 2
Magnetic parameters of samples.

Sample  Magnetic properties
Saturation Remanent Coercivity, H.
magnetization, M (emu/  magnetization, M; (emu/  (Oe)
8 g)

N-1 54.4 9.1 141

N-2 79.9 121 163

N-3 85.1 15.7 130
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ratio = 5.26). Thus, the synthesized samples demonstrate high coer-
civity values, which is one of the important magnetic characteristics
determining the possibility of using nanoparticles for hyperthermia.

3.5. Characterization of samples by FTIR

Fig. 4 presents the FTIR spectra of PEI and synthesized nanorods N-0
and N-1. The band at around 3275 cm ™! corresponds to the vibration of
the N-H bond in PEI molecules. The peaks at 2932cm™! and
2809 cm ! are consistent with the stretching vibration of C-H and the
peak at 1457 cm ™! corresponds to the G-H scissoring bending vibra-
tion. The peaks at 1107 cm ™' and 1043 cm ™! are consistent with the
stretching vibration of C-N bond. It can be clearly seen the C-N
stretching vibration in FTIR spectra of N-O and N-1. Moreover, the
peaks at 2924 cm ™! and 2853 cm ™! corresponds to the C-H stretching
vibration. The band at 625 cm ™ is assigned to the stretching mode of
the Fe-O bond. These facts prove the successfully immobilizing PEI on
the surface of nanoparticles.

3.6. Magnetic hyperthermia

Magnetic nanoparticles hyperthermia experiments were performed
at 261 kHz under an AMF with field strength 20 kA m ™! using the de-
vice TOR ULTRA HT designed by NanoMaterials® (Tambov, Russia).
Each measurement cycle included a heating and a cooling stage. The
heating of the nanoparticles water solutions was continued until a
linear dependence of the heating rate was obtained in order to calculate

PEI - \\ P
/S
v \ 1588~ }/ \\A .
7 ALW /
N-O - 2932 1457 " 1350
A 2809/
N-1
f 2853 1639/
2924
14331107/ 1043
4000 3000 2000 1000

Wavenumber (cm-)

Fig. 4. FTIR spectra of PEI and synthesized samples.
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Fig. 5. Localized heating of synthesized nanoparticles in an AMF: N-1(A), N-2 (B), N-3 (C) and histograms of cell (4 T1) viability in the absence of AMF and after

magnetic hyperthermia in the presence of synthesized nanoparticles (D).

Table 3
Specific absorption rate and intrinsic loss power values for synthesized nano-
particles.

sample H, kAm™! f (kHz) SAR (Wg™ P ILP (nHm?kg 1)
N-1 20 261 147 1.4
N-2 20 261 87 0.8
N-3 20 261 56 0.5

the SAR, after that the heating was stopped. Thus, 150 pL of nano-
particles water solution with different iron concentrations was placed
into the cuvette and the temperature was measured by thermal imager
Seek Thermal. As a result, for each sample (N-1, N-2 and N-3) three
heating-cooling curves corresponding to certain iron concentrations
were obtained (Fig. 5). The heating efficiency of samples is quantified
by the specific absorption rate (SAR) determined from the power ab-
sorption per unit mass of magnetic material (in W/g) following a
standardized procedure to estimate solely the magnetic heating con-
tribution by using the following formula [30]:

AT m
SAR = ¢, !

MyNPs

where c, is the volume specific heat capacity of the sample (4.179 J/
(g °C) for water at 25 °C), my the mass dispersion (0.15 g), mynp; is the
iron oxide mass diluted in the dispersion and A7/At is the average value
of the maximal slope at initial time after switching on the magnetic
field H. SAR values for each sample were calculated as an average for
three different nanoparticles concentrations, which are presented in
Fig. 5. In order to normalize SAR values and compare the obtained
results on the nanoparticles heating efficiency with previously pub-
lished ones, the value of the intrinsic loss power (ILP) was calculated
[30] (Table 3):
ILP = ﬂ
HY

where H is the strength of the magnetic field and f is the frequency.

In Table 3 it can be seen that the N-1 has the highest value of SAR
(147 Wg™1). For samples N-2 and N-3 significant heating with analo-
gous amounts of nanoparticles and field parameters was not observed,
and therefore large amounts of nanoparticles were required to produce
heating-cooling curves (Fig. 5A-C). The increase of SAR values with the
increasing magnetic core size was noted earlier [31]. However, in our
case the polydispersity of nanoparticles increases, which leads to a
decrease the heat generation rate and this fact is in good agreement
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with previously published work [11]. Hydrodynamic size and PDI va-
lues for samples N-1, N-2 and N-3 are presented in table (Fig. S5).
Dynamic light scattering (DLS) measurements show that hydrodynamic
size and polydispersity index (PDI) of synthesized nanoparticles in-
creases from N-1 sample to N-3. TEM images also show that from
sample N-1 to N-3 overall size of crystals is increased. Moreover, be-
cause DLS measurements are based on assumption that all nanoparticles
are spherical shape overall anisotropy of synthesized nanoparticles will
lead to increase in PDI values. For all samples N-1, N-2 and N-3 {-po-
tential measurements show the positive charge of nanoparticles surface
equal to 36.1, 41.6, 44.5 mV respectively. Due to use of as stabilizing
agent PEI we believe that main contribution to {-potential is made
amino groups of PEI molecules which are positively charged in water
solution. The obtained value of ILP = 1.4 for N-1 is sufficiently high for
hyperthermia application and can be compared with ILP values for
previously synthesized nanoparticles [32]. Das R. and colleagues syn-
thesized magnetite nanorods by hydrothermal method and measured
SAR values [18]. For the nanorods with length 41 nm and diameter
7nm (aspect ratio = 5.8) the SAR value in water was ~ 170 W/g
(H = 300 Oe, f = 302 kHz). It corresponds to the ILP value 0.99. In our
work we obtained almost one and a half times more value of ILP for N-
1. Thus, under using biologically reasonable field parameters of AMF
we obtained high value of SAR for iron oxide nanorods, which can be
effectively used in tumor hyperthermia.

Moreover, this fact was confirmed by in vitro analysis of nano-
particles-mediated hyperthermia on 4T1 cell line. After placing in a
high-frequency magnetic field (261 kHz, 20kAm™!), the cells were
heated to a temperature of 39 °C after 2 min by N-1 (3.5 mg/mL). After
this cells were heated at temperature 43-45°C during 13 min. Such
hyperthermia caused 95% of cell death compared to cells, incubated
with sorbitol during this time (p < 0.01) (Fig. 5D-blue columns).
However, the viability of cells cultivated with N-1 in CO, incubator
during the experiment decreased by 75.5% in comparison with sorbitol
sample (p < 0.01) that can be due to the fact that the rod-like nano-
particles were found to produce much higher cytotoxic responses than
spherical, cubic or octahedron nanoparticles [33,34]. In the case of N-2
(3.5mg/mL) the temperature 39 °C was reached only after 7 min ex-
posure to AMF with parameters 261 kHz, 20 kAm ~'. After this cells
were maintained at a temperature of 43-45 °C during 13 min. It led to
death of 77% of cells in comparison with cells in sorbitol (p < 0.01).
Also sorbitol by itself caused death of 12% of cell in comparison with
cells in culture medium during this time of the experiment (Fig. 5D-grey
columns). N-3 (3.5 mg/mL) led to 39 °C heating of cells only after 9 min
of exposure to magnetic field with parameters 261 kHz, 20 kA m ™. The
maximum achieved temperature was 41 °C. Cells were maintained at it
during 13 min. Such hyperthermia caused death of only 59% of cell
compared to cells in sorbitol (p < 0.01) (Fig. 5D-orange columns). It
must be noted, that both N-2 and N-3 were less toxic for cells: these
samples resulted in 25-28% of dead cells in population relative to cells
in sorbitol while N-1 exposure to cells resulted in 75.5% of dead cells as
it was discussed above. Thus, we demonstrated that nanoparticles-
mediated magnetic hyperthermia causes very effective tumor cell
death. The sample N-1 which is presented rod-like nanoparticles allows
to achieve optimum heating in less time and at lower parameters of
AMF than N-2 and N-3.

4. Conclusions

In this work, we developed and optimized the method for producing
iron oxide nanorods by microwave irradiation of akaganeite precursor.
The structure and the magnetic properties of samples were investigated.
Magnetic measurements showed the high coercivity for synthesized
nanorods with length 21 nm and diameter 4 nm (aspect ratio 5.25).
Hyperthermia experiments revealed the effective heating of nanorods in
a high-frequency magnetic field under biologically reasonable field
parameters (f = 261 kHz, H = 20 kA m™Y). In vitro studies showed the
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lower survival of breast cancer cells (4 T1) after hyperthermia in the
presence of synthesized nanoparticles. Thus, synthesized nanorods N-1
caused 95% of cell death after hyperthermia, while samples N-2 and N-
3 representing a mixture of nanorods and polyhedron nanoparticles
resulted in 77 and 59% cell death respectively.
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