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Abstract
Background: Nowadays, magnetic nanoparticles (MNPs) have 
received much attention because of their enormous potentials in 
many fields such as magnetic fluid hyperthermia (MFH). The 
goal of hyperthermia is to increase the temperature of malignant 
cells to destroy them without any lethal effect on normal tissues. 
To investigate the effectiveness of cancer therapy by magnetic 
fluid hyperthermia, Fe0.5Zn0.5Fe2O4 nanoparticles (FNPs) were 
used to undergo external magnetic field (f=515 kHz, H=100 G) 
in mice bearing implanted tumor.
Methods: FNPs were synthesized via precipitation and 
characterized using transmission electron microscopy (TEM), 
vibrating sample magnetometer, and Fourier transform 
infrared. For in vivo study, the mice bearing implanted tumor 
were divided into four groups (two mice per group), namely, 
control group, AMF group, MNPs group, and MNPs&AMF 
group. After 24 hours, the mice were sacrificed and each tumor 
specimen was prepared for histological analyses. The necrotic 
surface area was estimated by using graticule (Olympus, Japan) 
on tumor slides.
Results: The mean diameter of FNPs was estimated around 
9 nm by TEM image and M versus H curve indicates that this 
particle is among superparamagnetic materials. According to 
histological analyses, no significant difference in necrosis extent 
was observed among the four groups.
Conclusion: FNPs are biocompatible and have a good size for 
biomedical applications. However, for MFH approach, larger 
diameters especially in the range of ferromagnetic particles due 
to hysteresis loss can induce efficient heat in the target region.
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Introduction

Recently, the use of magnetic nanoparticles (MNPs) in medical 
applications (e.g. magnetic fluid hyperthermia (MFH), magnetic 
drug delivery, magneto-mechanical actuation of cell surface 
receptors, magnetic gene transfection, and magnetic resonance 
imaging (MRI) contrast improvement) has had an upward 
trend. Hyperthermia with MNPs is a promising modality in the 
treatment of cancer. The principle of this technique is to destroy 
cancer cells by heating them up without lethal effects on normal 
tissues.1,2 In comparison with other treatment techniques, this 
technique is a physical therapy with few side effects and it 

What’s Known

•	 Magnetic	 fluid	 hyperthermia	 by	 some	
magnetic nanoparticles and various amounts 
of	magnetic	field	has	shown	good	 results	 in	
cancer therapy in animal studies.

What’s New

•	 Although	 Fe0.5Zn0.5Fe2O4	
nanoparticle is a good candidate for other 
biomedical applications like contrast 
enhancement in MRI, it does not induce 
efficient	 heat	 under	 an	 external	 magnetic	
field.
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can be accompanied by other therapies like 
radiotherapy and chemotherapy to sensitize 
resistant malignant cells to these therapies.3,4 
There are several strategies to generate heat 
for	 hyperthermia	 treatment.	 One	 method	 is	 to	
use MNPs followed by alternating magnetic 
field (AMF).5 Effectiveness of the treatment is 
dependent on the tumor size and its location in 
the body. MNPs, used as heating mediators, are 
magnetic materials consisting of one or more 
inorganic	crystals.	When	they	undergo	external	
magnetic field, thermal energy is dissipated 
because	of	Neel	and	Brownian	relaxations	and	
hysteresis losses.2,6

The heating power of MNPs depends on 
the particle size, size distribution, domain state, 
magnetic anisotropy, the viscosity of the dispersion 
medium and parameters of the magnetic field, 
including field strength (H) and frequency (f).6-8

Survival of the malignant cells declines when 
their temperature reaches 41 to 46 °C.9 In this 
technique, it is therefore necessary to reach 
temperatures above 41 °C by MNPs as the heat 
sources. Tumor cells are more sensitive to heat 
in comparison to normal cells and consequently 
these temperatures do not disturb the viability of 
normal cells.10

Dispersing MNPs in a liquid, as a carrier, 
leads to the production of magnetic fluids. 
Ferromagnetic	iron	oxides	are	the	most	common	
MNPs used in biomedical applications. When Fe 
is substituted by Mn, Co and Zn in M1-xZnxFe2O4 
ferrites with superior magnetic properties can be 
produced.11

Several methods are available for synthesizing 
MNPs, but the most popular methods are 
coprecipitation, thermal decomposition, 
hydrothermal synthesis, and laser pyrolysis.1

In this study, we synthesized Fe0.5Zn0.5Fe2O4 
ferrite	 with	 dextrin	 coating	 by	 the	 aqueous	
precipitation method. The samples were 
characterized by transmission electron 
microscopy (TEM) to investigate the size 
distribution and morphology of the nanostructure. 
Magnetic properties and hysteresis loop of 
the MNPs were studied by vibrating sample 
magnetometer (VSM). Fourier transform infrared 
(FT-IR) was also applied to characterize the 
structure and purity of the compound. Afterwards, 
we injected these particles intratumorally in 
mice bearing implanted melanoma cancer to 
investigate their hyperthermia effect under AMF.

Materials and Methods

Synthesis of Fe0.5Zn0.5Fe2O4 Ferrite
Ferrite nanoparticles (NPs) were synthesized 

by the aqueous precipitation route. Briefly, 

individual metal chloride or sulfate, in an 
appropriate stoichiometric proportions, was 
dissolved in a dilute nitric acid (0.1 mol/L HCl) 
solution	and	heated	to	80	°C.	Sodium	hydroxide	
solution (4 mol/L) was prepared separately 
and heated to 80 °C. The hot nitrate precursor 
solution	was	 then	 rapidly	mixed	with	magnetic	
stirring (final pH of 12.0). The temperature 
was then increased to 100 °C and stirring 
continued for 1 hour. This duration is required 
for crystallization of the ferrites. Then, the 
solution was cooled and the precipitate was 
collected by a permanent magnet and washed 
several times with distilled water to neutralize 
the supernatant. The ferrite samples were dried 
at room temperature.

Characterization
TEM (Zeiss, EM10C, 80 kV, Germany) was 

performed to obtain the morphology and size 
of the nanostructure. Magnetic properties of 
ferrofluid were determined by drying the fluid 
and using a VSM (Meghnatis Kavir Co., Kashan, 
Iran) at room temperature. Surface structure 
of the sample was identified by using a FT-IR 
spectroscope (Burker Tensor 27). The FT-IR 
spectrum was acquired in the wavenumber 
range of 500-4000 cm-1.

Cell and Mice Preparation
B16/F10 melanoma cells were purchased 

from the Pasteur Institute (Iran) and cultured 
in DMEM (Dulbecco’s Modified Eagle Medium) 
medium with 10% FBS (Fetal Bovine Serum) 
and 1% penicillin in a humidified 37°C incubator.

Four-	to	 six-week-old	 inbred	 BALB/C	 mice	
were purchased from the Center of Comparative 
and	 Experimental	 Medicine,	 Shiraz	 University	
of Medical Sciences, Shiraz, Iran. All animals 
were housed in the laboratory of the Center of 
Comparative	 and	 Experimental	 Medicine	 under	
identical conditions. The animals were housed in 
special cages at a controlled temperature (24±2 °C) 
with	weekly	floor	exchange.	They	had	free	access	
to water and standard pelleted laboratory animal 
diets. A 12:12 hour light-dark cycle was followed 
in the above-mentioned animal house center. 
All animals received care in compliance with the 
Standard Animal Ethics of Iran.

To implant solid tumor, 15×105 
B16/F10 melanoma cells in PBS were injected 
subcutaneously into the back of the neck of 
each	mouse.	After	approximately	one	week,	the	
tumors appeared and the mice were followed 
until their tumors reached an appropriate size. 
To measure the tumor volume, a caliper was 
used and the volume was computed using the 
following formula.12
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V=0.5 a×b2 (1)

Where “a” and “b” are the largest and 
smallest diameter of tumor, respectively. After 
reaching an appropriate tumor size (about 
1 cm3), hypethermia study was started.

AMF System
In order to generate alternating magnetic 

field (AMF), a horizontal solenoid coil vibrating 
100 G at 515 kHz (sine wave pattern) was used 
(Shiraz University, School of Engineering). 
The solenoid had an inner diameter of 5 cm, a 
length of 15 cm and 14 turns. It consisted of a 
water-cooling system to avoid heat induction 
because of the impedance. A resonant H-bridge 
ZCS inverter with a capacitor bank of 75 nF was 
employed to derive the coil and inject AC current. 
Capacitor bank was in series with the solenoid 
coil, which constitutes the resonant tank. The 
inverter changed DC input voltage to a square 
wave alternating voltage and was applied to the 
resonant tank. Sinusoidal current flowed through 
the coil while the frequency of the square wave 
voltage was adjusted to the resonant frequency 
of the resonant tank. The injected AC current 
generated AMF whose amplitude was calculated 
according to the coil characteristics and the 
magnitude of AC current.

 
B

NI
lm
m=

µ0  (2)

Where, N: Number of turns, l: Coil length, 
µ0:	Equal	 to	 4π*10-7 and is the magnetic 
permeability in vacuum, Bm: Peak value of AMF, 
and Im: Peak value of AC current.

The peak value of the current was adjusted 
to 85 A, which was measured using GDS-1072 
oscilloscope.	The	maximum	 input	power	of	 the	
system was 650 W.

Hyperthermia Experiment
Mice bearing implanted solid tumor in proper 

conditions were selected and divided into four 
groups consisting of two mice per group. It 
included a control group (group A) without any 
treatment administration and a sham treatment 
group (group B) to investigate the effect of 
magnetic field on the malignant cells. The mice 
in group B were located in the solenoid coil for 
30 min without MNPs injection. For evaluating 
the lethal effects of the FNPs on cancerous 
cells, the mice in group C received only 
intratumoral injection of FNPs. Finally, group D 
was chosen for treatment administration 
by intratumoral injection of MNPs (200 µl 
magnetic fluid containing 2 mg Fe) undergoing 

AMF for 30 min. Intratumoral injection was 
done to make a desired concentration of 
MNPs in the tumor. Before administrating the 
experimental	 treatment,	 each	 mouse	 was	
anesthetized with intramuscular injection of 
Ketamin/Xylazine	mix.

Specimen Collection and Histological Analysis
For histological findings, all treated and 

non-treated tumors and tissues of the spleen, 
kidney, and liver were removed 24 hours after 
the treatment. For this purpose, after dissection, 
the tissues were removed and each specimen 
was	 collected	 and	 fixed	 by	 immersion	 in	 10%	
buffered formalin and routinely processed into 
paraffin. Afterwards, sections were cut at 5 µm 
and put in an oven for 45 minutes to remove 
the	extra	paraffin	from	the	tissue.	After	staining	
with	 hematoxylin	 and	 eosin	 (H&E),	 Perl’s	 iron	
staining was carried out to obtain the iron content 
in groups C and D. Finally, each prepared slide 
was observed under a microscope to distinguish 
necrosis and inflammation areas and the 
distribution of MNPs through the track of iron. 
For this purpose, the necrotic surface area was 
estimated	by	using	graticule	 (Olympus,	 Japan)	
on tumor slides.

Results

Characterization of Nanoparticles
Magnetic properties of NPs were 

determined by vibrating sample magnetometer 
(VSM) at room temperature. Figure 1 depicts 
the M versus H curve of the dry Fe0.5Zn0.5Fe2O4 
ferrite NPs with applied field between -8500 
Oe	and	8500	Oe	at	room	temperature.	Figure	2	
illustrates the size distribution of NPs. As shown 
in this figure, the particle size, morphology, and 
agglomeration of MNPs can be determined by 
TEM images.

In	 order	 to	 confirm	 that	 dextrin	 was	
successfully coated on the surface of NPs, 
FT-IR analysis was done. Figure 3 shows the 
FT-IR	spectra	of	dextrin-coated	FNPs.

Hyperthermia Experiment
For the in vivo study, the tumor was induced 

in BALB/C mice via the injection of B16/F10 
melanoma cells in PBS into the back of the neck 
of	 the	mice.	After	approximately	one	week,	 the	
tumors appeared in the animals and the size of 
tumors was measured with a caliper (figure 4).

Figure 5 shows that the mice in groups B 
and D were located in the center of the solenoid 
and subjected to AMF with 50 A/div current 
(figure 6) for 30 minutes. 
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The final aim of this study was to investigate 
microscopic changes in tumor cells. After 
24 hours, all mice were sacrificed and each 
specimen of the tumors was collected and 
prepared for histological analyses.

Histological Analysis
Figure 7 shows stained slides of tumors in 

four groups. In order to document the presence 
of FNPs between the cells and to investigate their 
effects on the surrounding medium, Perl’s iron 

staining was done.12,13 As shown in figure 7C, 
iron particles were present in malignant cells.

No trace of FNPs was detected in the spleen, 
kidney, and liver tissues and they had normal 
tissues, figure 8.

Discussion

Due to many side effects of common strategies 
for cancer therapy, these strategies are not 

Figure 4: Tumor size was measured by a caliper.
Figure 1: M versus H curve of Fe0.5Zn0.5Fe2O4 ferrite (at room 
temperature) indicates the single domain superparamagnetic 
properties of MNPs.

Figure 2: TEM image of Fe0.5Zn0.5Fe2O4	ferrite shows that the 
diameter of nanoparticles is around 9 nm.

Figure 3: FT-IR spectra of Fe0.5Zn0.5Fe2O4 ferrite shows NPs 
were	successfully	covered	with	dextrin.

Figure 5: Mouse bearing implanted tumor was placed in a 
solenoid (f=515 kHz, H=100 G).

Figure 6: Sinusoidal current flow through the coil could be 
seen by oscilloscope (50 A/div).
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considered useful for all kinds and stages of 
tumors. Consequently, researchers are looking 
for	 a	 comprehensive	 treatment	 method.	 One	
of the potential therapies is local hyperthermia 
with MNPs. Parameters that contribute to 
the induction of heat in this technique are the 
diameter of NPs, anisotropy constant, fluid 
viscosity, and frequency and amplitude of the 
magnetic field.6-8

In this study, for the characterization of FNPs, 
FT-IR, VSM, TEM were done. The absence of 
hysteresis loop in this curve and non-saturated 
magnetization at the applied magnetic field, 
indicated the single domain superparamagnetic 
properties of MNPs.14

The	experiment	magnetic	moment	(nb) could 
be calculated by the following formula.15

 
n

M MS
b =

×
5585  (3)

Where, M is the molecular weight of 
the composition (in gram), Ms is saturation 
magnetization, and 5585 is the magnetic factor. 
By estimating the saturation magnetization 
through	 extrapolation	 (30.16	 emu/gr),	 nb was 
calculated to be 1.27.

According to TEM image, the average 
diameter of the sphere particles was estimated 
to be 9 nm. For in vivo study, it is necessary to 
coat the NPs with a polymer. In this study, we 
used	 dextrin	 as	 a	 coating	 for	 biocompatibility	
of NPs. FT-IR analysis was used to confirm 
that	 dextrin	 was	 successfully	 coated	 on	 the	
surface of MNPs. In FT-IR spectrum, the peak at 
570 cm-1 refers to the characteristic absorption 
of	Fe-O	bond	of	magnetic	particles.13 The peaks 
at 1634.6 cm-1 and 2920.5 cm-1 corresponded 

to	 C=O	 bond	 and	 vibration	 of	-CH2- groups, 
respectively. A peak at 3394.5 cm-1 indicated 
the	presence	of	hydroxyls	on	the	MNPs	surface.	
Thus, according to previous studies,16-18 FNPs 
were	successfully	covered	with	dextrin.

In this study, microscopic changes in tumoral 
cells were investigated 24 hours after treatment 
among the four mice groups. For this purpose, 
the degree of necrosis and inflammation (×400) 
was verified on tumor slides. According to the 
pathology results, in the tumoral tissue, necrotic 
cells were easily seen in the central part of all 
tumors.	 On	 tumor	 slides	 belonging	 group	C,	
there was no necrosis cells around NPs. This 
indicates that FNPs alone do not show any 
anti-melanoma	 effect.	 Thus,	 it	 is	 expected	
that if FNPs are transferred to other organs in 
intravenous administration, they do not make 
lethal effects on the normal cells. However, a 
previous study12	 showed	 iron/iron	 oxide	 core/
shell NPs with porphyrin coating caused cell 
damage due to the generation of free radicals 
and magnetic hyperthermia under the influence 
of magnetic field.

Different degrees of necrotic cells could 
be seen in all specimens, but no significant 
difference	 in	 necrosis	 extent	 was	 observed	
among the four groups; thus, this treatment was 
not powerful enough to remove the cancer cells, 
which may contribute to particle size.

Three mechanisms contribute to heat 
loss in MNPs, namely, hysteresis losses, 
Neel	 and	 Brownian	 relaxations.6 Bakoglidis 
et al.6 investigated the magnetic hyperthermia 
response	 of	 iron	 oxide	 NPs	 in	 the	 size	 range	
of 5-18 nm. They divided these NPs into three 
categories; the superparamagnetic (SPM) 
region (as large as 10 nm) where heating 
is	 mainly	 because	 of	 Neel	 relaxation,	 the	
SPM-Ferromagnetic region (10-13 nm), and 

Figure 7:	H&E	stained	slides	of	mice	tumors	in	four	groups.	
A: Group A (blue arrows show malignant cells); B: Group B; 
C: Iron stained slide of mouse tumor in group C (yellow 
arrow shows the presence of Fe nanoparticles in malignant 
cells);	D:	H&E	stained	slide	of	mouse	tumor	in	group	D.	No	
significant	 difference	 in	 the	 necrosis	 extent	 was	 observed	
(H&E	×400).

A

DC

B

Figure 8: No trace of MNPs was observed in the tissues of 
the	liver	(A),	spleen	(B),	and	kidney	(C)	(H&E	×400).

A B

C
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the ferromagnetic region (>13 nm) where 
hysteresis loss mechanism is dominate in heat 
dissipation. They reported that ferromagnetic 
materials release heat that is more significant 
and hysteresis mechanism is more efficient for 
hyperthermia applications. In addition, Jeun 
et al.19 reported that the heat efficiency of Fe3O4 
particles below 9.8 nm under 110 kHz magnetic 
field frequency was insufficient for hyperthermia 
applications, and the value of specific loss power 
(SLP) had an upward trend with an increase in 
the particle size from 11.5 to 22.5 nm under the 
same magnetic field. Therefore, heat efficiency 
of FNPs with an average diameter of 9 nm under 
the influence of AMF (515 kHz) is insufficient for 
hyperthermia applications. Although, ultra-small 
NPs have a lot of potential for use in biomedical 
applications, it was confirmed that this NP 
could not induce efficient heat for hyperthermia. 
However, studies20,21 show the MNP aggregate 
to larger cluster after systematic administration 
and therefore the effective hydrodynamic size of 
the MNP in the body is different from the initial 
size of NPs. Additionally, theoretical study on 
proton	 relaxation	 indicates	 that	 the	 magnetic	
properties of NPs increase significantly upon the 
enhancement of the particle and the crystallite 
size.22

Ultra-small NPs can be functionalized and 
guided	by	an	external	magnetic	field	for	in	vivo	
studies and after removing the EMF, dipoles 
return to random orientations because of the 
SPM behavior of these NPs. Unlike ferromagnetic 
NPs, the embolism in capillary vessels does not 
occur. However, for the hyperthermia study, SPM 
NPs show lower heating efficiency than single 
domain ferromagnetic NPs due to the absence 
or negligible amounts of hysteresis loss.6

We also surveyed the presence of NPs in other 
organs such as the spleen, kidney, and liver. No 
trace of FNPs was detected in the spleen, kidney, 
and liver tissues. Thus, MNPs remained in the 
tumor and did not transfer to other organs after 
intratumoral injection. In systemic administration, 
large particles (>50 nm) are taken up by the liver 
cells, but smaller ones generally circulate for a 
longer period. Longer residence time in the blood 
stream may enhance (enhanced permeation 
and retention) EPR effect.12,23 Therefore, it is 
expected	that	 in	systemic	administration,	FNPs	
with a diameter of 9 nm are not captured by the 
liver and accumulated by tumor.

A limitation of this investigation was the use 
of a solenoid coil with one frequency and field 
strength. A more equipped device with variable 
frequency and field strength may give better 
results.

Conclusion

The major findings reported here illustrate that 
FNP	 ferrofluid	 coated	 with	 dextrin	 is	 a	 good	
candidate for in vivo approaches without any 
side effects on body organs. While Fe particles 
were seen in malignant tumor cells, there was 
no trace of them in other organs. Different 
amounts of necrosis were seen in the tumor 
tissues of all groups, but no significant difference 
in	the	necrosis	extent	was	observed	among	the	
groups. Therefore, although this NP is a good 
agent for other biomedical applications, like 
contrast enhancement in MRI, it did not induce 
efficient	heat	under	external	magnetic	field.
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