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Abstract Nickel ferrite nanoparticle is a soft magnetic
material whose appealing properties as well as various
technical applications have rendered it as one of the most
attractive class of materials; its technical applications range
from its utility as a sensor and catalyst to its utility in bio-
medical processes. The present paper focuses first on the
synthesis of NiFe,O, nanoparticles through co-precipita-
tion method resulting in calcined nanoparticles that were
achieved at different times and at a constant temperature
(773 k). Afterward, they were dispersed in water that was
mixed by chitosan. Chitosan was bonded on the surface of
nanoparticles by controlling the pH of media. In order to
assess the structural and magnetic properties of nanopar-
ticles, X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (FTIR), transmission electron micros-
copy (TEM), and vibrating sample magnetometer (VSM)
analyses were conducted at room temperature. As per the
results of XRD analysis, the pure NiFe,O, was synthe-
sized. Additionally, nanoparticles grew in size by extend-
ing the calcination process duration. TEM micrographs
were used to determine the size and shape of particle;
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the obtained results indicate that the particle size was in
a range of 17-30 nm and of a circular shape. The proper
chitosan covering was also indicated by FTIR results. The
VSM analysis also revealed that the saturated magnetiza-
tion of NiFe,O, nanoparticles stood in a range of 29 emu/g
and 45 Q.. A stable maximum temperature ranging from 30
to 42 was successfully achieved within 10 min. Also, a spe-
cific absorption rate of up to 8.4 W/g was achieved. The
study results revealed that the SAR parameter of the coated
nickel ferrite nanoparticle is more than that of pure nickel
ferrite or cobalt ferrite nanoparticles.

Keywords Nickel ferrite nanoparticles - Chitosan
biopolymer - Hyperthermia - SAR parameter

Introduction

The recent years have witnessed so much attention directed
toward nanomagnetic materials for exhibiting such out-
standing magnetic qualities [1]. Ferrite nanomaterials
have been the subject of much considerable and extensive
research because of their magnetic quality [2].

Nickel ferrite (NiFe,0,) nanoparticles are known as one
of the most important nanocrystalline spinel ferrites [3].
Their utility as permanent magnets and sensors and their
application in magnetic resonance imaging (MRI) enhance-
ment, catalysis, magnetically guided drug delivery, and
high density information strong technology are among the
various applications of these materials [4, 5].

Magnetic nanoparticles are also employed for treat-
ing cancer. Surgery, chemotherapy, radiation therapy,
and hyperthermia are among cancer treatment options.
The latter, clinical hyperthermia is of three broad cat-
egories, namely (1) localized hyperthermia, (2) regional
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hyperthermia, and (3) whole-body hyperthermia. In this
type of treatment, specific tissues or organs are heated (41—
46 °C) for tumor/cancer therapy; the heat can be generated
by radio frequency, microwave, or laser wavelengths. The
physical phenomenon of losses can be used to partially
obtain the desired heat. In order to achieve the favorite tem-
perature rise enhancement with low concentration of nano-
particles, it is desirable to have a high specific loss power
(SLP) heat generated per unit mass of nanoparticles. In
addition to field parameters, the specific loss power of nan-
oparticle dispersion depends highly on particle size, size
distribution, anisotropy constant, saturation magnetization,
and surface modification [6, 7].

NiFe,O, is of a cubic structure that is of an inverse
spinel form. Fe>™ and Ni>* ions populate tetrahedral sites
in this structure [8]. As a proper method, chemical route
is generally used for the preparation of the spinel nano-
particles. Nickel ferrite is one of the most significant spi-
nel ferrites. It is of a particular ferromagnetism quality
that originates from the magnetic moment of antiparal-
lel spins [9]. Several methods can be employed for the
synthesis of (NiFe,0,) nanoparticles; they include: heat
treatment [10], co-precipitation [11], chemical meth-
ods [12], sonochemical [13], sol-gel [14], and thermal
decomposition [15, 16]. Nevertheless, the strong dipole—
dipole interaction causes the tendency of these NiFe,O,
nanoparticles to aggregate; hence, it is required to mod-
ify their surface with biocompatible and biodegradable
polymers.

As per the conducted literature review, starch [17], chi-
tosan [17, 18], polyvinyl alcohol [17, 19], polyethylene
glycol (PEG) [17, 20], oleic acid [21], dextran [17, 19, 22],
and lauric acid [22] are the most appealing polymeric mate-
rials for surface coating of magnetic nanoparticles.

Chitosan is a polyaminosaccharide that is of many
proper biological and chemical properties. It is not an
expensive biopolymer and has reactive groups (OH and
NH,) which establish significant interactions with the sur-
face of nanoparticles [23, 24].

In the present study, an attempt has been made to pre-
pare the NiFe,O, nanoparticles through co-precipitation
method that has proved to be a proper technique for mak-
ing small-sized and monodisperse nanoparticles. And
then, the suspension cross-linking technique was used
for the preparation of chitosan coating on nanoparticles;
glutaraldehyde was also used as a cross-linker. The nano-
particles were characterized by X-ray diffraction (XRD),
vibrating sample magnetometer (VSM), scanning electron
microscopy (SEM), and Fourier transform infrared spec-
troscopy (FTIR) techniques. Finally, due to the noticeable
magnetic properties of NiFe,O,, the specific absorption
rate (SAR) was calculated and compared with those in the
literature.

@ Springer

Materials and methods
Materials

The materials used for synthesis included chloride salts
(NiCl,-6H,0 and FeCl;-6H,0), sodium hydroxide, aqueous
acetic acid, ammonia solution, and oleic acid. All these
chemicals were of analytical grade from Merck Company.
Furthermore, chitosan was used for surface coating of nan-
oparticles obtained from Sigma-Aldrich. PBS pellets were
purchased from China Company. All the glassware was
cleaned by aqua regia (v/v, HCI/HNO,, 3:1)! and thor-
oughly rinsed with deionized water prior to commencement
of experiments.

The employed XRD system was the Xpert Philips model
made in Netherlands. The source of X-ray was Cu Ka with
a wavelength of 1.54 A. The step of scanning was 0.02°
with the speed of one step per second. The TEM system
used for morphology and size determination was JEOL
JEM-2100 FTEM model. The SEM system used for mor-
phology of sample was CAMSCAN MV2300 model with
15 kV applied voltage. Fourier transform infrared spectros-
copy (FTIR) spectra were obtained using a Tensor 27 FTIR
spectrometer (Bruker), and samples were dried at 50 °C.
Vibration sample magnetometer (VSM) measurements
were made on a Lakeshore model 7300 VSM system.

Synthesis of NiFe,0, nanoparticles

Firstly, 0.2 M NiCl,-6H,0 and 0.4 M FeCl;-6H,0 solutions
were prepared separately. The solutions were then mixed
with one another, and sodium hydroxide solution (3 M) was
added drop-wise to the final solution till pH was adjusted to
around 13.

Oleic acid was added to the solution as a surfactant.
And then, the temperature was increased up to 80 °C for
40 min. Finally, the solution was centrifuged and washed
with water and ethanol several times. The precipitation was
dried in an oven at 80 °C for several hours. Amorphous
NiFe,0, nanoparticles were obtained at this stage, and an
additional process was used for obtaining the crystalline
powder of nickel ferrite nanoparticles [25-27].

Chitosan coating process

Chitosan solutions of 0.5 wt% were prepared by dissolv-
ing the required amount of chitosan powder in 40 mL of
a 2 % acetic acid solution. Ten milliliters of the solution
containing synthesized NiFe,O, nanoparticles was blended

U Caution: aqua regia is an extremely toxic chemical and should be
handled with care!
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with the prepared 0.5 wt% chitosan solution with vigorous
stirring. Five milliliters of a 25 % NH,OH solution was
then added to the mixture. After the reaction, the chitosan-
coated nickel ferrite was washed with water, resuspended
in 20 mL of a 0.5 % acetic acid solution, and dispersed in a
PBS solution by ultrasonication for 20 min [28].

Results and discussion

Particle size and structure of chitosan coating
of NiFe,O, nanoparticles

Figure 1 shows the morphology of both pure NiFe,O, and
NiFe,O,—chitosan nanoparticles. The nanoscaled nickel
ferrite particles were of a small size before and after

coating by chitosan. As shown in Fig. 1, NiFe,O, particles
were approximately monodisperse with a mean diameter of
17-20 nm. Based on the TEM micrographs, it is clear that
the obtained nanoparticles are uniform and in the shape of
spheres. The TEM image of NiFe,O,—chitosan nanoparti-
cles (Fig. 2b) shows that the structure of chitosan-coated
NiFe,O, nanoparticles was better, causing the enhancement
of the surface; the average diameter of such a structure was
23-30 nm. The average size of grain obtained from TEM
image of samples is in good agreement with the size deter-
mined by Scherer equation from XRD patterns.

Figure 2a, b shows the surface morphology of pure
NiFe,0, nanoparticles and chitosan-coated NiFe,O, nano-
particles. It can be observed in SEM and FESEM images
that uncoated NiFe,O, nanoparticles are highly agglom-
erated, while chitosan-coated NiFe,O, nanoparticles

MIRA3 TESCAN

SEM MAG: 10.0 kx |Date(m/dly): 08/31/15 RMRC

Fig. 2 SEM image of pure NiFe,O, nanoparticles (a) and FESEM image of NiFe,O,—chitosan nanoparticles (b)
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enjoy well-dispersed structures in the polymeric shell of
chitosan. This may be due to the coating of chitosan on
nanoparticles.

Phase structure of NiFe,O, nanoparticles

The XRD patterns of calcined NiFe,O, samples are shown
in Fig. 3a—c. In this figure, the patterns introduced three
time intervals of 1, 2, and 3 h for calcination process at the
constant temperature.

All of the patterns show that the peaks correspond to the
planes (31 1), (44 0), (2 2 0), confirming the phase forma-
tion of NiFe,O, with a well-defined spinel structure. How-
ever, no impurities are observed in Fig. 3b which belongs
to the calcination process conducted for 2 h at the same
temperature [29, 30].

In the patterns of XRD diffraction, the broad nature of
the diffraction bands indicated that NiFe,O, had small par-
ticle sizes [30]. The particle sizes can also be quantitatively
evaluated from the XRD data using Debye—Scherrer equa-
tion which yields the equation for the relationship between
peak broadening in XRD and particle size [31]:

d = (kA/Bcos 0)

According to Debye—Scherrer equation (2), the size of
NiFe,O, nanoparticles is about 15, 18, and 24 nm for 1, 2,
and 3 h of calcination, respectively. The values of the lat-
tice parameter were about 0.911 nm that were reported for
NiFe,04 (@ = 0.8339 nm) in the standard data (JCPDS:
10-0325).

The sample that was calcined for 2 h was selected for
chitosan coating process for its proper crystallinity.

FTIR spectra analysis
Figure 4 shows FTIR spectra of pure NiFe,O, nanoparti-

cles (a) and NiFe,O,—chitosan nanoparticles (b) that were
recorded between 400 and 4000 cm™!
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Fig. 3 X-ray diffraction of pure NiFe,O, nanoparticles after 1 h of
calcination (a), 2 h of calcination (b) and 3 h of calcination (c)

@ Springer

Figure 4a shows that two absorption bands around 589
and 424 cm™! are attributed to tetrahedral and octahedral
complexes, respectively [32].

The peaks at 589 cm™! relate to Fe—O bond that are
shown at 600 cm™! after chitosan coating (b). As shown
in Fig. 4b, the peak around 3390 cm~! indicates the OH
group. In Fig. 4b, the characteristic absorption bands
appeared at 1520 cm™!' which can be assigned to N-H
bending vibration; peaks of 1300 cm™! appeared in C-O
stretching alcoholic group in chitosan. The new sharp peak
of 1626 cm™! appeared indicating that chitosan reacted
with glutaraldehyde to form the Schiff base. The emer-
gence of Fe—O bond can be attributed to the new sharp
peak 600 cm™'. In Fig. 4b, the characteristic bond of CH,
group, as present in chitosan, is represented by a band at
about 2900 cm ™' [26, 33, 38].

The obtained results showed that NiFe,O, nanoparticles
were successfully coated by chitosan. As the negatively
charged surface of nickel ferrite has an affinity with chi-
tosan, it can coat the NiFe,O, nanoparticles by electrostatic
interaction and chemical reaction through glutaraldehyde
cross-linking.

Thermo-gravimetric analysis

Thermo-gravimetric analyzer from AT instruments was
employed for thermo-gravimetric analysis (TGA) of ferro-
fluids in a dry state at a heating rate of 101 °C/min under
nitrogen atmosphere. Figure 5 shows the recorded weight
loss of representative samples that occurred as a result of
temperature increase. The TG curve in Fig. 5 indicates a
dramatic weight loss step from 0 °C up to about 100 °C,

g, 8 \//d/,, | |
8 (=3 T | “
§° ||
i |
S | |
; b= ‘\ \:
@
d T
s T it I
. (b) 1
400 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Fig. 4 FTIR spectra of pure NiFe,O, nanoparticles after 2 h of calci-
nation (a) and NiFe,O,—chitosan nanoparticles (b)
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Fig. 5 Thermogravimetric of %
NiFe,O, nanoparticles after 2 h

of calcinations and coated with
chitosan

4 ?Signal Value 100.00 %

Signal Value 7.05 %

Sample: T496 ( Name: 15311-1 ), 10.6128mg

Signal Value 6.68 %

v}
I

X
Signal Value 5.76 %

k(] 100 150

with a further slight weight loss observed until 300 °C.
The loss of moisture and trapped solvent (water and car-
bon dioxide) accounted for the major weight loss, while
the combustion of coated chitosan accounted for the minor
weight loss. The formation of nanocrystalline NiFe,O,
as the decomposition product is indicated by the plateau
formed between 300 and 600 °C on the TG curve; this is
confirmed by XRD and FTIR analysis, as illustrated in
Figs. 3 and 4, respectively.

Magnetic properties of nanoparticles

The magnetic quality of NiFe,O, with an inverse spinel
structure can be explained in terms of the distribution of
cations and the magnetization that is caused by Fe*" ions at
both tetrahedral and octahedral sites as well as Ni** ions at
octahedral sites.

Figure 6 illustrates the particular magnetization curves
of the precursor and calcined NiFe,O, nanoparticles that
were obtained at room temperature.

Hysteresis loops can typically be found in soft mag-
netic materials; these loops indicate hysteresis ferromag-
netism in the field range of ~410,000 Oe; specific satura-
tion magnetization (Ms) values of 4, 29.5, and 28.5 emu/g
were observed for NiFe,O, sample calcined at 823 K for
60, 120, and 180 min, respectively, that were lower than
the bulk of NiFe,O, (50 emu/g) [34]. It was also observed
that the tendency of Ms to increase is consistent with the
enhancement of crystallinity from 60 to 120 min; also
the values of Ms decrease from 120 to 180 min due to the
increase in particle size. It is commonly known that the
size affects the magnetic quality of magnetic particles dra-
matically. Each of the magnetic nanoparticles is usually of
a single magnetic domain. For relatively larger particles,
the static magnetic energy is usually reduced by magnetic
domains that are formed [33]. A decrease in particle size
results in a decrease in the number of domains. The par-
ticles turn into single domain particles of a size under a
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Fig. 6 Magnetic properties of NiFe,0,—2 h of calcinations (a),
NiFe,0,—3 h of calcinations (b), NiFe,0,—2 h of calcinations
(wide range) (c), NiFe,0,—3 h of calcinations (wide range) (d)

critical radius (for nickel ferrite, this parameter is about
100 nm) [35].

The increasing and decreasing filed sides (blanket) yielded
a coercive force (Hc) of 90 (—95) and 45 (—40) Oe for the

@ Springer
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Fig. 7 Changes in specific 30 (a) 100 (b)
saturation magnetization with 25 80
the degree of calcination time %‘ 20 2
(a) and changes in coercivity Z s =} 60 N
with the degree of calcination i« 10 2 40
time (b) = < " 99
0 0
0 1 2 3 0 1 2 3
Times (Hour) Times (Hour)
12 Table 1 SAR of pure NiFe,O, nanoparticles after 2 h of calcination
3 and NiFe,O,—chitosan nanoparticles
10 > =
-w-" Sample SAR (W/g)
8 ”
-~ n’ Uncoated With coating
o -
6 - . .
= Clal Calcined NiFe,0, 2.17 8.47
] —+— Coated
¢ - @~ Uncoted
2 was exhibited by uncoated NiFe,O, nanoparticles, even at
the same frequency. As shown in Fig. 7, the temperature

o+
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Fig. 8 Temperature increase in pure NiFe,O, nanoparticles after 2 h
of calcination and NiFe,O,—chitosan nanoparticles as a function of
time

NiFe,O, samples calcined for 120 and 180 min, respectively.
It can be observed as per these results that an increase in parti-
cle size leads to a drop in the value of coercivity. The domain
structure, critical diameter, and anisotropy of crystal can
account for such variation of Hc with particle size. Should it
be of a single domain, a crystallite will spontaneously break
up into several domains so as to decrease the large magnetiza-
tion energy it would have [19, 35].

Hyperthermia

Figure 7 illustrates that, in comparison with other nanopar-
ticles, NiFe,O, nanoparticles (calcined for 120 min) are of
higher magnetization and greater magnetic heating loss.

Offering a moderate magnetic moment, chemical stabil-
ity, and a high specific absorption rate (SAR) makes nano-
ferrites good candidates for hyperthermic purposes [19].
The SAR was measured at room temperature using the
heating yielded experimentally by the nanoparticles that
calcined for 120 min (Fig. 8).

As shown in Table 1, NiFe,O, chitosan-coated nanopar-
ticles, compared with those in the previous studies, were of
a reasonably high SAR at the physiologically expected fre-
quency around 300 kHz [36].

The attained SAR stood at about 3.5 and 6 for cobalt fer-
rite at the same conditions [37]. A remarkably small SAR

@ Springer

rose by an increase in time. The principal purpose of hyper-
thermic applications is generating a higher value of mag-
netic heat by a stable fluid in a lower exposure time. Ni fer-
rite is of the highest level of SAR parameter in comparison
with the other mentioned ferrites in biological applications
(5 kA/m, 300 kHz).

Thus, NiFe,O, nanoparticles, for their high SAR at the
physiologically tolerable range of applied magnetic fields
and frequencies, can be a potential candidate as a clinical
hyperthermic agent.

Conclusion

Synthesis through co-precipitation was favorable for
obtaining crystalline powders with nanosized nickel ferrite
particles. The XRD measurements and TEM images con-
firmed that nanoparticles were dispersed uniformly (mono-
dispersed) and were sphere in shape with a mean diameter
of about 17-30 nm, respectively.

The results obtained from FTIR and SEM indicate that
NiFe,0, nanoparticles were effectively coated by chitosan
for various biomedical applications.

Calcined samples show that the size of particles
increases by a rise in calcination temperature. High-temper-
ature calcinations also lead to an increase in the crystallin-
ity of samples. It was verified that ferromagnetic NiFe,O,
nanoparticles were coated and were of proper magnetic and
structural properties; they were also of a high SAR for a
hyperthermic agent application. Particularly, the adequately
high heating temperature of the solid-state NiFe,O, nano-
particles were readily controlled in the range of 3045 °C
at the physiologically tolerable and biological safe range of
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the applied magnetic field; this allowed NiFe,O, nanoparti-
cles to be considered as a promising potential candidate as
an in vivo hyperthermic agent.
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