
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
http://dx.doi.org/
0272-8842/& 20

nCorrespondin
fax: þ52 844 43

E-mail addre
1 (2015) 397–402
Ceramics International 4

www.elsevier.com/locate/ceramint
Synthesis and characterization of maghemite nanoparticles
for hyperthermia applications

E.M. Múzquiz-Ramosa,n, V. Guerrero-Cháveza, B.I. Macías-Martíneza, C.M. López-Badilloa,
L.A. García-Cerdab

aFacultad de Ciencias Químicas, Universidad Autónoma de Coahuila, Blvd. V. Carranza y José Cárdenas Valdés, C.P. 25280, Saltillo, Coah. México
bCentro de Investigación en Química Aplicada, Blvd. Enrique Reyna Hermosillo No.140, C.P. 25294, Saltillo, Coah. México

Received 26 July 2014; accepted 22 August 2014
Available online 1 September 2014
Abstract

Magnetic nanoparticles for hyperthermic treatment of cancers have gained significant attention in recent years. In this work, biocompatible
maghemite nanoparticles were synthesized by the oxidation of magnetite nanoparticles, using a coprecipitation method followed by heat
treatment at different temperatures ranging from 200 to 300 1C for 3, 5 and 8 hours. The samples were analyzed by X-ray diffraction, vibrating
sample magnetometry and transmission electron microscopy. The heating ability was evaluated under a magnetic field using a solid state
induction heating equipment. Additionally, hemolysis test was performed. The obtained nanoferrites showed a particle size within the range of
10–11 nm and superparamagnetic behavior. The maghemite obtained at 250 1C for 5 hours was able to heat in concentrations of 13 mg/2 ml
under a magnetic field (10.2 kAm�1 and frequency 362 kHz), increasing the temperature up to 49 1C. Hemolysis test, evaluated as release of
hemoglobin, revealed that all the samples showed no hemolytic effects up to 3 mg/ml, indicating no damage of the red blood cell membranes.
The results indicated that the maghemite nanoparticles obtained might be potential materials for cancer treatment by hyperthermia.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hyperthermia is a therapeutic procedure in which tissues are
heated above normal physiological ranges. It is most often
considered as an alternative therapy for cancer treatment, where
a notable lack of side effects makes it an attractive substitute for
chemotherapy and radiation. Adequate increases in temperature
(41–46 1C) may alter the functionality of intracellular proteins,
leading to cellular degradation and ultimately inducing apopto-
sis. However, in moderate hyperthermia, longer treatment about
hours are generally required for effective treatment, often in
combination with additional treatment modalities such as
radiation or chemotherapy [1].
10.1016/j.ceramint.2014.08.083
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Hyperthermia can be induced using magnetic nanoparticles,
in a treatment known as magnetic hyperthermia. The nano-
particles can be introduced into the human body in the region
surrounding the cancer tumor and then heating them up by
using an external magnetic field. The dimensions of nano-
particles used in the hyperthermia method must be less than
100 nm [2].
In the clinical application of magnetic hyperthermia, mag-

netic field strength is limited by physiological considerations
since large amplitude. High-frequency magnetic fields may
induced local heating in non-magnetic tissues due to induced
eddy currents [3]. Frequencies as high as 300 kHz and field
amplitudes of 10–30 kA/m have been used [1].
All biomedical and bioengineering applications require that

these ferrites must have not only high magnetization values
and narrow particle size distribution, but they also have to be
nontoxic and biocompatible [4]. Apart from acute toxicity, the
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toxicity of degradation products, stimulation of cells with
subsequent release of inflammatory mediators and toxic
effects through the particulate system have to be seriously
considered [5].

The large number of blood contact interactions, as well
as the intensity of the adverse physiological outcome (severe
hemolysis may lead to life threatening conditions such as
anemia), makes an examination of hemolytic activity an
important aspect of preclinical characterization of nano-
particles [6].

The in vitro cytotoxicity assays are the primary biocompatibility
screening tests for a wide variety of materials used in medical
devices. Current experience indicates that a material that is judged
to be nontoxic in vitro will be nontoxic in vivo assays [7].

Several types of iron oxides exist in nature and can be
prepared in the laboratory, but nowadays only maghemite
(γ-Fe2O3) and magnetite (Fe3O4) are able to fulfill the
necessary requirements for biomedical applications. These
requirements include sufficiently high magnetic moments,
chemical stability in physiological conditions and low toxicity,
not to mention the easy and economical synthetic procedure
available for the preparation of these materials [8].

Thus, an efficient, economic, scalable and nontoxic mono-
disperse synthesis of Fe3O4 and γ-Fe2O3 nanoparticles is highly
preferred for potential applications and fundamental research [9].

In this work, biocompatible maghemite nanoparticles were
synthesized by the oxidation of magnetite nanoparticles, using
a coprecipitation method followed by heat treatment at
different temperatures ranging from 200 to 300 1C for 3, 5
and 8 hours and characterized for their potential use in
magnetic hyperthermia treatment.
2. Material and methods

2.1. Preparation of magnetite nanoparticles

Magnetite nanoparticles were synthesized by a chemical co-
precipitation technique [10] using two starting solutions of
0.1 M of FeCl3∙6H2O (Sigma-Aldrich) and FeCl2∙4H2O
(Sigma-Aldrich). These solutions were prepared by dissolving
proper amounts of the chemicals in distilled water. Appropriate
amounts of solutions were mixed in a baker using a mechan-
ical stirrer at 1000 rpm to obtain a Feþ2:Feþ3 ratio of 2:3
while heating on a hot plate. When the temperature reached
70 1C, the stirring velocity was increased up to 5000 rpm and
then NH4OH (Sigma-Aldrich) at 10% was promptly added.
After that, a black precipitate, characteristic of magnetite
nanoparticles, was obtained. The precipitate was washed
several times with distilled water to eliminate as much as
possible the residual chlorides. The magnetite particles were
dried in air at room temperature.
2.2. Preparation of maghemite nanoparticles

The obtained magnetite nanoparticles were heated in air at
200, 250 and 300 1C for 3, 5 and 8 hours to be oxidized to
form maghemite. After cooling, the product was stored in a
desiccator containing silica gel as a drying agent.

2.3. Characterization of maghemite nanoparticles

The maghemite nanoparticles were analyzed by X-ray
diffraction (XRD) (Siemens Mod. D-5000). The magnetic
properties of the samples were measured with a SQUID
Quantum Design magnetometer (VSM) in applied fields from
�12.5 to 12.5 KOe. The particle size and shape were studied
by transmission electron microscopy (TEM) (Titan 80300 Kv).
For this analysis, the samples were prepared by placing one
drop of the dilute suspension of maghemite nanoparticles in
acetone on a carbon-coated copper grid and allowing the
solvent to evaporate slowly at room temperature.

2.4. Heating capacity

The heating capacity of selected nanoparticles was evaluated
under an appropriate magnetic field (10.2 kAm�1 and
frequency 362 kHz) using a solid state induction heating
equipment (Ambrell, EasyHeat, 0224). These tests were
performed during 15 min; the ferrite particles/water concen-
trations used were 7, 11 and 13 mg/2 ml.

2.5. In vitro hemolysis assay

The hemolysis test was performed using human whole blood
from healthy non-smoking donors, following the proper guide-
lines for studies using human specimens. Blood, collected in
heparinized-tubes, was centrifuged at 3000 rpm for 4 min at
4 1C. The pellet was washed three times with cold Alsever's
solution (dextrose 0.116 M, NaCl 0.071 M, sodium citrate
0.027 M and citric acid 0.002 M, pH 6.4). The supernatant was
then removed and 100 μl of the purified erythrocytes was
diluted 1:99 with Alsever's solution. Then, 150 μl of this
suspension was suspended in Alsever's buffer and taken for the
curve-response experiments (total volume 2000 μl). This
suspension of red blood cells was always freshly prepared
and used within 24 h after collection.
Three concentrations of nanoparticles were tested: 0.25, 0.50

and 3.0 mg/ml. Maghemite nanoparticles were brought in
direct contact with the blood samples. The tubes were gently
mixed in a rotator shaker and then incubated at 37 1C71 1C
within a shaking water bath for 30 minutes. Alsever's solution
and deionized water were used as negative (0% hemolysis) and
positive (100% hemolysis) controls, respectively. Each group
contained three tubes. The specimens were then centrifuged
under 3000 rpm for 4 min to collect the supernatant. In order to
avoid false-positive results due to nanoparticles absorbance at
the assay wavelength, the iron oxide nanoparticles were
removed from supernatants using permanent magnets [11].
The absorbance (A) value of the hemoglobin released

from the erythrocyte cells was measured spectrophotometri-
cally at 415 nm (Thermospectronic Genesys 5). All trials were
run three times. The hemolysis rate (HR) was calculated as
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follows [12]:

HR ð%Þ ¼ ðA of the experimental group�A of the negative control groupÞ
ðA of the positive control group�A of the negative control groupÞ

� 100%

Less than 5% hemolysis was regarded as nontoxic effect
level. The experiments were performed in triplicate and were
repeated twice. The values obtained were expressed as
mean7standard deviation (SD). The data were analyzed with
MINITAB 17 software. No significant difference was con-
sidered when po0.05.
3. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of magnetite
(Fig. 1a) and maghemite (Fig. 1b) obtained at 250 1C for
3 hours. They matched well with the standard patterns:
magnetite with JCPDS 19-629 and meghemite with JCPDS
39-1346 [13].

The XRD patterns of the maghemite obtained at 200, 250
and 300 1C are shown in Fig. 2. The Fig. 2a corresponds to
maghemite obtained at 200 1C for 3, 5 and 8 h. The obtained
peaks are well matches with standard JCPDS card 39-1346
according to the Match program. No other phases were
observed. Similar results were obtained when the samples
were treated at 250 1C (Fig. 2b) and 300 1C (Fig. 2c) for 3, 5
and 8 h.

The determination of crystallite size (D) of maghemite
nanoparticles was based on X-ray diffraction line broadening
and calculated by using Scherrer's formula [14]. The average
size of the particles is shown in Table 1. We observe crystallite
sizes below 12.5 nm.

The hysteresis loops of the maghemite nanoparticles obtained
are shown in Fig. 3. Fig. 3a corresponds to maghemite obtained
Fig.1. X-ray diffraction patterns of the magnetite (a) and maghemite obtained
at 250 1C for 3 hours (b).
at 200 1C for 3, 5 and 8 h. Similar VSM results were observed
when the samples were treated at 250 1C (Fig. 3b) and 300 1C
(Fig. 3c) for 3, 5 and 8 h. As observed, the magnetic behavior
was similar in all cases. The magnetic properties of the
maghemite obtained at different temperatures are presented in
Table 1.
In all treatments, a soft magnetic material was obtained, the

nanoparticles are easily magnetizable and demagnetizable. The
hysteresis loops show low coercivity and high magnetic
permeability. The particles exhibit superparamagnetic behavior
at room temperature. Due to the superparamagnetic property,
maghemite nanoparticles can be expected to be injected and
transported in the tissue of body through blood vessels without
agglomeration under external magnetic field.
Fig. 4 shows the TEM images of the maghemite obtained at

250 1C for 5 h. The nanoparticles are approximately spherical
and the mean size was about 10 nm according with the TEM
image (Fig. 4A). These sizes are within the allowed range for
magnetic hyperthermia applications [15]. Fig. 4B shows the
HRTEM micrograph, the corresponding electron-diffraction
pattern indicates that the maghemite has a spinel-type
structure.
In order to know if the obtained magnetic nanoparticles can

be used for hyperthermia treatment, it is necessary to evaluate
the heating ability of the nanoparticles when applying a
magnetic field. The heating capacity of the maghemite
nanoparticles was evaluated under an applied magnetic field
of 10.2 kAm�1 and frequency of 362 kHz, being these
conditions within the range of that allowed for human body.
Fig. 5 shows the heating curves of the maghemite obtained at
250 1C for 5 h, using 7, 11 and 13 mg of maghemite in 2 ml of
distilled water. The suspension of 7 mg/2 ml increases the
temperature up to 30 1C during the first 7 min, concentrations
of 11 mg/2 ml reach temperatures up to 45 1C and, finally,
concentrations of 13 mg/2 ml increases the temperature up to
49 1C. As expecting, a more rapid increase in temperature is
observed when higher concentrations of maghemite nanopar-
ticles are used.
Magnetic maghemite nanoparticles were found to resonantly

respond to a magnetic field, with advantageous results related
to the transfer of energy from exciting field to nanoparticles.
The particles can be effectively heated when dispersed in
aqueous solutions, which leads to their potential use as
hyperthermia agents, delivering toxic amounts of thermal
energy to targeted bodies such as tumors. This potential
biomedical application result from the unique physical proper-
ties of magnetic nanoparticles.
Even more, the measured temperature versus time depen-

dences of the maghemite offer an appropriate window giving a
chance to adjust the maximum achieved temperature to a
desired value where the local overheating risk could be
ruled out.
The Fig. 6 shows the hemolysis percent caused by the

maghemite nanoparticles at different concentrations. Error bars
represent the mean and standard deviation for six experiments.
The results of hemolytic test (Fig. 6) demonstrated that the HR
of the samples were lower than 2%. These findings indicate



Fig. 2. XRD Patterns of maghemite obtained at 200 1C (a), 250 1C (b) and 300 1C (c).

Table 1
Magnetic properties of maghemite obtained at different temperatures.

Time
(hours)

Temperature
(1C)

Crystallite
size (nm)

Coercivity
Hc (Oe)

Magnetization
Ms (emu/g)

Remanence
Mr (emu/g)

3 200 12.5 0.06 64.6 1.15
5 10.6 0.08 63.9 1.01
8 11.0 0.06 63.2 0.54
3 250 12.1 0.07 62.0 1.72
5 10.6 0.10 63.0 1.17
8 10.1 0.02 63.4 0.48
3 300 10.3 0.07 64.2 0.09
5 10.4 0.05 61.8 1.41
8 11.2 0.03 63.3 1.17
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that the maghemite nanoparticles had no hemolytic reaction at
all tested concentrations up to 3.0 mg/ml. According to ASTM
F 756-08 (Standard Practice for Assessment of Hemolytic
Properties of Materials) [12], HR o2% produced by any
material could be considered as not hemolytic. Consequently,
we can assume that all these samples are compatible with
erythrocytes when they are circulating in the human blood and
it was consistent with the requirement of hemolytic test for
biomaterials [16]. No significant differences were found in
hemolysis levels among all groups (Po0.05).
Magnetic nanoparticles for biomedical applications, should

comply with a variety of requirements, including: (i) super-
paramagnetic behavior at room temperature, in order to avoid
particle aggregation; (ii) large saturation magnetization, so as
to show a large response under the application of a magnetic
field; (iii) a limiting size in the order of 20 nm for in vivo
applications, and (iv) bio-compatibility, such that nano-
particles are usually coated with either biological or biocom-
patible molecules [17]. In this work, it was possible to
obtain maghemite nanoparticles, which agree all the above
requirements.
Due to the superparamagnetic behavior at room temperature

and non-hemolytic activity, well-dispersed maghemite nanopar-
ticles in a carrier medium can be injected and transported to the
tissue through blood vessels under an external applied magnetic
field. Furthermore, due to the heating ability, it is possible to use
them as thermoseeds for hyperthermic treatment of solid cancer
tumors under an alternating magnetic field.



Fig. 3. Hysteresis loops of maghemite obtained at 200 1C (a), 250 1C (b) and 300 1C (c).

Fig. 4. TEM (A) and HRTEM (B) images of the maghemite obtained at 250 1C for 5 hours.
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Fig. 5. Magnetic heating of maghemite nanoparticles suspended in distilled
water at v�362 kHz and H max.�10.2 kAm�1.

Fig. 6. Hemolysis (%) caused by different maghemite concentrations.
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4. Conclusions

Maghemite nanoparticles were obtained by a simple thermic
treatment of magnetite nanoparticles. The ferrite particles
obtained showed superparamagnetic behavior and non-
hemolytic activity and can be successfully heated under a
low magnetic field. The results show that these nanoparticles
might be potential materials for cancer treatment by magnetic
hyperthermic therapy.
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