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A B S T R A C T

The synthesis of Zn(1−x)CaxFe2O4 nanoparticles, x=0, 0.25, 0.50, 0.75 and 1.0, was performed by sol-gel method
followed by a heat treatment at 400 °C for 30 min. These ferrites showed nanometric sizes and nearly
superparamagnetic behavior. The Zn0.50Ca0.50Fe2O4 and CaFe2O4 ferrites presented a size within the range of
12–14 nm and appropriate heating ability for hyperthermia applications. Hemolysis testing demonstrated that
Zn0.50Ca0.50Fe2O4 ferrite was not cytotoxic when using 10 mg of ferrite/mL of solution. According to the results
obtained, Zn0.50Ca0.50Fe2O4 is a potential material for cancer treatment by magnetic hyperthermia therapy.

1. Introduction

Magnetic nanoparticles have potential applications in biomedicine
such as agents for magnetic resonance imaging (MRI), systems for drug
delivery and thermoseeds for magnetic hyperthermia [1–3]. Magnetic
hyperthermia treatment consists of using magnetic nanoparticles for
destroying cancer tumor cells by raising their temperature within the
range of 41–46 °C [1]. In order for nanoparticles to be used in
medicine, specific characteristics are required: biocompatibility, heat-
ing ability, particle form, size and distribution, a ferrimagnetic/super-
paramagnetic behavior, hemocompatiblity, dispersibility in water and
suspensions stability [4–6]. Magnetite nanoparticles, with an inverse
spinel structure, are the most studied ferrites for biomedical applica-
tions [7,8]. However, research has been focused on developing mixed
ferrites by partial substitution of Fe ions with other cations such as Zn,
Ca, Mg, Mn, Co, Cu, Ga and Ni [9–16].

In this work, the magnetic behavior, heating ability and hemocomp-
ability of Zn(1−x)CaxFe2O4 ferrites (x=0, 0.25, 0.50, 0.75 and 1.0),
synthesized by sol-gel followed by a heat treatment at 400 °C for
30 min, were studied. The general hypotheses behind this investigation
are the following: i) the incorporation of Zn cations may promote
antimicrobial activity, ii) Zn may act as heating regulator for magnetic
hyperthermia [15,17,18] and, iii) the incorporation of Ca into the
ferrite structure may favor biocompatibility of nanoparticles.

2. Materials and methods

Reagent grade chemicals of metallic nitrates (Fe(NO3)2·9H2O,
99.99%, Zn(NO3)2·6H2O, 98% and Ca(NO3)2·4H2O, 99%) and ethy-
lene-glycol (C2H6O2, 99%), were used for the nanoparticles sol-gel
synthesis. Stoichiometric amounts of nitrates were dissolved into
C2H6O2 under vigorous stirring for 2 h at 40 °C, then this mixture
was heated up to 80 °C and kept at this temperature until obtaining a
brown gel. This gel was aged for 2 h and then dried at 95 °C for 72 h.
After drying, the precursors were heat treated at 400 °C for 30 min.

The materials obtained were characterized by X-ray diffraction
(XRD, Philips 3040) and vibrating sample magnetometry at room
temperature (VSM, Princeton Measurements Co, MicroMag™ 2900).
Samples with more appropriate magnetic properties were analyzed by
transmission electron microscopy (TEM, FEI Titan 80–300). The
heating capacity of selected nanoparticles was evaluated under an
appropriate magnetic field [4,19,20] for located body regions (10.2 kA/
m and frequency of 354 kHz) using a solid state induction heating
equipment (Ambrell, EasyHeat, 0224). These tests were performed
during 15 min; suspensions of 20 mg of ferrite/2 mL of water were
used. Hemolysis test was carried out according to the ASTM E2524-08
[21] standard using suspensions of 10 mg of ferrite/mL of solution.

3. Results and discussions

Fig. 1(a) shows the XRD patterns of Zn(1−X)CaXFe2O4, x=0, 0.25,

http://dx.doi.org/10.1016/j.jmmm.2016.10.099
Received 13 June 2016; Received in revised form 17 October 2016; Accepted 19 October 2016

⁎ Corresponding author.
E-mail address: arg.jasso@gmail.com (R.A. Jasso-Terán).

Journal of Magnetism and Magnetic Materials 427 (2017) 241–244

Available online 20 October 2016
0304-8853/ © 2016 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/03048853
http://www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2016.10.099
http://dx.doi.org/10.1016/j.jmmm.2016.10.099
http://dx.doi.org/10.1016/j.jmmm.2016.10.099
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2016.10.099&domain=pdf


0.50, 0.75 and 1.0. The indexing of these XRD patterns was performed
according to the JCPDS 22–1012 card for zinc ferrite. The ZnFe2O4

ferrite possesses a spinel structure, nevertheless due to the method
used, an inverse spinel structure was obtained. This may be due to the
partial migration of Zn ions to the octahedral sites [1,15]. As it can be
observed, the patterns corresponding to mixed ferrites show a slight
displacement of reflections in comparison to those of the pattern
corresponding to the sample with x=0. This may indicate the incor-
poration of Ca ions into the inverse spinel crystalline structure. The
pattern corresponding to Zn(1−X)CaXFe2O4 ferrite with x=1 shows a
subproduct of calcium oxide (JCPDS 28-0775).

Fig. 1(b) shows the magnetization curves of Zn(1−x)CaxFe2O4

ferrites. These ferrites have the following saturation magnetization
values (Ms): 13.11, 19.24, 31.31, 38.30 and 40.02 emu/g for x=0, 0.25,
0.50, 0.75 and 1.0, respectively. As observed, Ms increases as the Zn
content is decreased. According to the literature [1], zinc has a strong
effect on the magnetic properties of some mixed ferrites; substitution
with a non-magnetic cation such as zinc, which has a preference for
tetrahedral sites occupancy, results in the reduction of the exchange
interaction between cations occupancy in both the tetrahedral and
octahedral sites. Remanence and coercivity were close to zero. Due to
their magnetic properties, the ferrites Zn0.50Ca0.50Fe2O4,
Zn0.25Ca0.75Fe2O4, and CaFe2O4 were selected for further investigation.

Fig. 2(a–c) shows TEM images, electron diffraction patterns and
particle size distribution of selected ferrites. All ferrites are polycrystal-
line and show high agglomeration due to their high magnetization. The
average particle size of Zn0.50Ca0.50Fe2O4, Zn0.25Ca0.75Fe2O4 and
CaFe2O4 are 14, 12 and 13 nm, respectively. By sol-gel method, it is
possible to obtain a narrow nanoparticle size distribution [1,22].
However these particles agglomerate, which can be a problem in
biomedical applications [23,24].

Fig. 2(d) shows the heating ability of selected nanoparticles, where
temperature increases continuously as a function of time during the
test. In these tests the starting temperature was 28 °C. The maximum
temperature reached was 41.2, 38 and 46.5 °C for Zn0.50Ca0.50Fe2O4,
Zn0.25Ca0.75Fe2O4 and CaFe2O4, respectively. Two of these samples are

able to heat at a temperature within the appropriate range for
hyperthermia (41–46 °C). The heating efficiency, specific absorption
rate, (SAR) was calculated by direct calorimetric measurement accord-
ing to equation [25,26]:

SAR C
m

T
t

= *Δ
Δ

Where C is the specific heat of the medium in which the particles are
suspended (H2O=4.18 J g−1), ΔT/Δt is the initial slope of the time-
dependent temperature curve and m is the ferrite mass in the fluid per
unit mass of fluid. These values are shown Table 1. The maximum SAR
value (24.5 W/g) was observed for the CaFe2O4 ferrite.

The Zn0.50Ca0.50Fe2O4 and CaFe2O4 ferrites were selected for
hemolysis testing. For Zn0.50Ca0.50Fe2O4 the value was 0.2% ±
0.0004, indicating that this material is not hemolytic. On the other
hand, for CaFe2O4 the value was 14.4% ± 0.007, which shows that this
material is hemolytic. According to the ASTM E2524-08 standard,
samples with values higher than 5% can be considered as hemolytic.

4. Conclusions

It was possible to synthesize a calcium ferrite (CaFe2O4) and a
mixed zinc and calcium ferrite (Zn0.50Ca0.50Fe2O4) by sol-gel method
which show an appropriate heating ability for hyperthermia applica-
tions and nanometric sizes (12–14 nm). The Zn0.50Ca0.50Fe2O4 ferrite
demonstrated to be no hemolytic with a value of 0.2%. According to the
results obtained, this ferrite is a potential material for cancer treatment
by magnetic hyperthermia therapy.
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Fig. 1. XRD patterns (a) and magnetization curves (b) of Zn(1−x)CaxFe2O4 ferrites.

R.A. Jasso-Terán et al. Journal of Magnetism and Magnetic Materials 427 (2017) 241–244

242



References

[1] I. Sharifi, H. Shokrollahi, S. Amiri, Ferrite-based magnetic nanofluids used in
hyperthermia applications, J. Magn. Magn. Mater. 324 (2012) 903–915.

[2] B.E. Kashevsky, S.B. Kashevsky, V.S. Korenkov, Y.P. Istomin, T.I. Terpinskaya,
V.S. Ulashchik, Magnetic hyperthermia with hard-Magnetic nanoparticles, J. Magn.
Magn. Mater. 380 (2015) 335–340.

[3] A. Masoudi, H.R.M. Hosseini, M.A. Shokrgozar, R. Ahmadi, M.A. Oghabian, The
effect of poly (ethylene glycol) coating on colloidal stability of superparamagnetic
iron oxide nanoparticles as potential MRI contrast agent, Int. J. Pharm. 433 (2012)
129–141.

[4] C. Binns, Medical applications of magnetic nanoparticles, Front. Nanosci. 6 (2014)
217–258.

[5] M. Szekeres, I.Y. Tóth, E. Illés, A. Hajdú, I. Zupkó, K. Farkas, et al., Chemical and
colloidal stability of carboxylated core-shell magnetite nanoparticles designed for
biomedical applications, Int. J. Mol. Sci. 14 (2013) 14550–14574.

[6] C. Chouly, L. Bordenave, R. Bareille, V. Guerin, A. Baquey, D. Pouliquen, et al., In
vitro study of the hemocompatibility of superparamagnetic contrast agent for
magnetic resonance imaging, Clin. Mater. 15 (1994) 293–301.

[7] M.M. de Escalona, E. Sáez-Fernández, J.C. Prados, C. Melguizo, J.L. Arias,
Magnetic solid lipid nanoparticles in hyperthermia against colon cancer, Int. J.
Pharm. 504 (2016) 11–19.

[8] C.-j. Zhou, S.-h. Wang, Z. Yu, P.-f. Rong, Z.-z. Chen, J.-y. Liu, et al., Folate-
conjugated Fe3O4 nanoparticles for in vivo tumor labeling, Trans. Nonferrous Met.
Soc. China 23 (2013) 2079–2084.

[9] M. Phadatare, V. Khot, A. Salunkhe, N. Thorat, S. Pawar, Studies on polyethylene
glycol coating on NiFe2O4 nanoparticles for biomedical applications, J. Magn.
Magn. Mater. 324 (2012) 770–772.

[10] A. Samariya, S. Dolia, A.S. Prasad, P. Sharma, S. Pareek, M. Dhawan, et al., Size
dependent structural and magnetic behaviour of CaFe2O4, Curr. Appl. Phys. 13
(2013) 830–835.

[11] B. Behdadfar, A. Kermanpur, H. Sadeghi-Aliabadi, M. del Puerto Morales,
M. Mozaffari, Synthesis of aqueous ferrofluids of Zn x Fe3−xO4 nanoparticles by
citric acid assisted hydrothermal-reduction route for magnetic hyperthermia
applications, J. Magn. Magn. Mater. 324 (2012) 2211–2217.

[12] F. Gözüak, Y. Köseoğlu, A. Baykal, H. Kavas, Synthesis and characterization of
CoxZn1−xFe2O4 magnetic nanoparticles via a PEG-assisted route, J. Magn. Magn.
Mater. 321 (2009) 2170–2177.

[13] A. Escamilla-Pérez, D. Cortés-Hernández, J. Almanza-Robles, D. Mantovani,
P. Chevallier, Crystal structure of superparamagnetic Mg 0.2Ca 0.8Fe2O4 nano-
particles synthesized by sol–gel method, J. Magn. Magn. Mater. 374 (2015)
474–478.

[14] H. Shokrollahi, Magnetic properties and densification of Manganese–Zinc soft
ferrites (Mn1-xZnxFe2O4) doped with low melting point oxides, J. Magn. Magn.

Fig. 2. TEM images of Zn0.50Ca0.50Fe2O4 (a), Zn0.25Ca0.75Fe2O4 (b), CaFe2O4 (c) with corresponding electron diffraction pattern, particle size distribution and heating ability of selected
ferrites (d).

Table 1
Maximum temperature reached and SAR values of selected ferrites.

Sample T (°C) ΔT/Δt (°C/s) SAR (W/g)

Zn0.50Ca0.50Fe2O4 41.2 0.0353 14.8
Zn0.25Ca0.75Fe2O4 38.0 0.0201 8.4
CaFe2O4 46.5 0.0584 24.5
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