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A B S T R A C T

The paper describes how to arrive at the required characteristics suitable for the study of magnetic hyperthermia
in a nanoferrite. The composition selected for the study, Ni0.60Zn0.35Fe2.05O4 was synthesized by sol-gel process
with an adequate control on its particle size using a chelating agent, polyethylene glycol (PEG). Nanoparticles
with mean particle sizes in the range 3.6–8.2 nm were obtained by annealing the as-prepared powder at different
temperatures. Identification of single phase spinel structure, particle size determination and magnetic properties
of all the samples were made available with X-ray diffraction, Transmission electron microscopy, and Vibration
sample magnetometer. The single domain nature of the nanoparticles was established from the particle size de-
pendence of the coercivity. The superparamagnetic behaviour of two annealed samples having a mean particle
sizes 3.6 nm and 4.4 nm was established from the temperature dependence of the field cooling and zero field
cooling magnetization curves. The observed higher blocking temperature (below room temperature) for smaller
particles was attributed to interactions between the particles in the powder samples. The effect of interparticle
interactions on heating efficiency was examined by comparing the specific absorption rate (SAR) of nanoparti-
cles dispersed in water at different concentrations. The higher zeta potential values of citric acid coated nanopar-
ticles were pronouncing their long time stability in water with increased SAR and cell viability as compared to
their uncoated counterparts. Interestingly, the results of water based citric acid coated nanoparticles assure that
the material would be suitable as magnetic mediator for magnetic hyperthermia application.

1. Introduction

In recent years, due to the advances in the synthesis and characteri-
zation of the materials, the quest for novel magnetic nanoparticles use-
ful for biomedical applications has attracted many researchers [1–3].
In the magnetic hyperthermia process, magnetic nanoparticles are ad-
ministered into cancer affected tumour and excited with an alternating
magnetic field to heat the tumour, such that the temperature of the tu-
mor is maintained in the range 42 °C–46 °C at least for half an hour [4]
to kill the cancer cells of many types without damaging the living cells.
For this purpose, magnetic nanoparticles of least particle size, exhibit-
ing superparamagnetic, or single domain ferri or ferromagnetic nature

with negligible coercivity, sufficiently high specific saturation magneti-
zation, biocompatibility, good dispersion stability in water medium
and yielding a therapeutic temperature range for a longer time are de-
sired.

Despite the fact that the heating efficiency of nanoparticles used for
magnetic hyperthermia is dependent on saturation magnetization [5],
the commonly used magnetic nanoparticles for magnetic hyperthermia
application, magnetite and maghemite, although, possess superior bio-
compatibility [6], the disadvantage of their reduced saturation magne-
tization associated with the smaller sized particles opens research activ-
ity for better materials. On the other hand, the high saturation magne-
tization possessed by ferromagnetic metal nanoparticles like, iron,
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cobalt, and nickel, made their usage impractical for biomedical appli-
cations due to their high toxicity and sensitivity to oxidation [7]. Even
though, the use of nanoparticles of magnetic alloys MnZnFe, CoGdZn,
and ZnGdFe is preferred over magnetic oxides for biological applica-
tions; the degree of toxicity is found substantial in the case of patients,
exposed repeatedly to gadolinium-based compounds [8].

Earlier, ferrite nanoparticles MFe2O4 (M = Co, Ni, Zn, Mg, Cu, Mn)
were studied for magnetic hyperthermia applications due to their struc-
tural stability and significant magnetic properties with limited out-
come [9–14]. Nowadays, mixed ferrite nanoparticles with composition
M1-xZnxFe2O4 (M = Co, Ni, Mn) have been in limelight to find their use
as heat mediators in magnetic fluid hyperthermia because of their
preparation through eco-friendly routes, lower toxicity, size dependent
magnetic properties, and attaining superior magnetic properties with
an appropriate zinc concentration (x) [15–17]. Although, nickel-zinc
ferrite nanoparticles have been studied extensively for various applica-
tions, the magnetic hyperthermia experiments conducted, so far are
limited.

The heating efficiency of the magnetic nanoparticles in the presence
of an alternating magnetic field has been characterized by the specific
absorption rate (SAR), which is defined as the amount of energy con-
verted into heat per unit mass per unit time. The SAR value is directly
affected by external parameters such as frequency, amplitude of the
applied magnetic field, the viscosity of the medium, and concentration
of the nanoparticles, besides the intrinsic magnetic properties like satu-
ration magnetization, magnetic anisotropy etc., which in turn depend
on the preparation method of the nanoparticles. Ghayour et al. [16]
studied Ni1-xZnxFe2O4 (x = 0.25, 0.5 and 0.75) and reported that the
samples having a higher saturation magnetization exhibit higher SAR
in alternating magnetic field. Nanoparticles of higher SAR are essential
in clinical hyperthermia to minimize the dosages of the material admin-
istered into a tumor in reaching the therapeutic temperatures.

Expecting higher saturation magnetization in larger sized particles
is not a surprise, but development of least sized magnetic nanoparticles
with high specific saturation magnetization requires meticulous con-
centration in the method of preparation. Xia Li et al. [18] processed su-
perparamagnetic Ni0.5Zn0.5Fe2O4 nanopartices of size ranging from
6 nm to 19 nm with saturation magnetization less than 38 emu/g by
hydrothermal method. Thakur et al. [19] made an attempt in prepar-
ing superparamagnetic Ni0.58Zn0.42Fe2O4 nanoparticles of sizes 8.4 nm,
14 nm and 17 nm by reverse micelle technique at different pH values
and reported respective smaller values of saturation magnetization
25.63, 21.21 and 5.14 emu/g in 40 kOe applied magnetic field. By
adopting sol-gel method with a proper chelating agent, several ferrite
systems were processed and studied by the authors [17,20,21]. For the
first time, the highest room temperature saturation magnetization, 80
emu/g was reported in Ni0.65Zn0.35Fe2O4 having particle size 42 nm
[22]. A very high room temperature specific saturation magnetization,
91.9 emu/g for particle size 10.8 nm was reported in Ni0.60Zn0.35Fe2.05O4
[21].

Another important aspect of magnetic hyperthermia study is to
maintain the therapeutic temperature range for a longer time and the
findings of a few reports based on magnetic hyperthermia experiments
were mentioned here. Ni0.25Zn0.75Fe2O4 nanoparticles [23] with high
saturation magnetization and low coercivity were observed to yield
therapeutic temperature range for a very short interval of time in an al-
ternating magnetic field of amplitude 250 Oe, and 112 kHz frequency.
In Ni1-xZnxFe2O4 (x = 0.0 to 1.0) for x ≤ 0.5, the fluid temperature was
observed to grow to its boiling temperature in short interval of time,
while the samples with x ≥ 0.8 did not even reach the therapeutic tem-
perature range [5]. In another study, the Ni0.7Zn0.3Fe2O4 superpara-
magnetic nanoparticles of size 11 nm prepared by the sol-gel method
were observed to reach 43 °C within 7 min under an alternating mag-
netic field of frequency 7 MHz, and amplitude 400 Oe [24].

One more important feature in the study of magnetic hyperthermia
is the tendency of agglomeration among nanoparticles due to their
large surface energy as well as magnetic interactions between them
which causes colloidal instability and hinders their practical applica-
tion towards hyperthermia agents. The detachment can be accom-
plished by coating the surface of the nanoparticles with suitable or-
ganic/inorganic materials, or polymers. The surface coatings prevent
agglomeration by generating an adequate repulsive force between the
particles [25]. Further, the coating improves colloidal stability and
provides accessible surface for conjugation of biomolecules and drugs.
In recent years, efforts have been made by many research groups to
prevent colloidal particles from aggregation by employing different
polymer coatings on various kinds of magnetic nanoparticles [26–28].
Citric acid, a widely used coating material, provides high density coat-
ing over the surface of the nanoparticles due to its short chain, and en-
hances the dispersibility of nanoparticles in water [28].

Having understood the above facts and published a paper on
cobalt-zinc nanoferrite, Co0.37Zn0.63Fe2O4 for self-regulating hyperther-
mia at temperature 46 °C [17], it has been thought of exploring the
usefulness of nickel-zinc ferrite nanoparticles in a systematic way for
the study of magnetic hyperthermia. In the present work,
Ni0.60Zn0.35Fe2.05O4 nanoparticles have been synthesized by sol-gel
method using PEG as chelating agent. Different particle sizes have been
produced by annealing the as-prepared powder at different tempera-
tures under extremely careful monitoring conditions. The samples with
requisite properties to conduct hyperthermia experiment have been
studied to understand the effect of dipolar interactions on heating effi-
ciency by varying particle concentration (inter-particle distance) and
frequency of applied alternating magnetic field. Further, the samples
are coated with citric acid to reduce the interactions, to improve bio-
compatibility and colloidal stability in water. Finally, the usefulness of
the coated nanoparticles for the study of magnetic hyperthermia was
investigated by maintaining the therapeutic temperature range for a
longer time.

2. Experimental details

2.1. Synthesis and characterization

The details of the sol-gel process, adopted in synthesizing
Ni0.60Zn0.35Fe2.05O4 nanoparticles were described in earlier publications
[17,21]. The as-prepared powder was made into 6 samples and an-
nealed each at every 100 °C for 1 h in between 300 °C and 800 °C to un-
derstand the formation of domains and other size-dependent properties
as a function of annealing. The samples were designated as NZ3, NZ4,
NZ5, NZ6, NZ7 and NZ8 respectively throughout the paper.

The complete elimination of chelating agent, polyethylene glycol
(PEG) from the samples was found by TG and DSC data. The crystal
structure of the samples was established by irradiating them with Cu-Kα
radiation (λ = 1.5406 Å) at the lowest scan rate of 0.02° per second,
using a PANalytical X'Pert powder X-ray diffractometer. Transmission
electron micrographs were recorded on a microscope (JOEL JEM 200CX
model) with the electron operating voltage at 120 kV to estimate the
particle sizes and their distribution. Fourier transform infrared (FTIR)
spectrometer (PerkinElmer model 1650) was used to record the spectra
of all the samples in the range 300–4000 cm−1 by kBr pellet method.
Room temperature hysteresis loops were obtained using vibrating sam-
ple magnetometer (Lake Shore 7410S), operated at the maximum ap-
plied magnetic field of 15 kOe. Superparamagnetic nature was sup-
ported by the study of ZFC and FC curves, recorded using vibration
sample magnetometer in the temperature range from 20 K to 300 K.
Zeta potentials of uncoated and citric acid coated nanoparticles were
measured using Malvern Zetasizernano zs90. The heating process of un-
coated nanoparticles of varying concentrations 12 mg/mL, 16 mg/mL
and 20 mg/mL under an AC magnetic field of amplitude 200 Oe was
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carried out at two frequencies 519 kHz and 746 kHz using the mag-
netic induction heating instrument Magnetherm (make Nanotherics
Limited, UK. Software-Magne Soft). In case of coated particles, mag-
netic induction heating was carried out for nanoparticle concentra-
tion12 mg/mL under the field of 200 Oe at both the frequencies
519 kHz and 746 kHz.

2.2. Cell viability assay

The MTT (4, 5-dimethylthiazol-2-yl-2, 5-diphenyl tetrazolium bro-
mide) assay was performed to determine the cytotoxicity of uncoated
and coated samples with mean particle sizes 3.6 nm and 4.4 nm with
different concentrations (12, 16 and 20 mg/mL). The A549 (lung can-
cer cell line) cells with a density of 1 × 105 cm−2 were seeded on previ-
ously sterilized nanopowders in 24 well culture plates with 1 mL of
MEM in triplicate and incubated for 24, 48 and 72 h at 37 °C. Follow-
ing the incubation, 50 mL of 5 mg/mL MTT solution was added to the
culture plates and incubated for another 4 h at 37 °C to produce for-
mazan. Further, 100 mL of DMSO (Himedia, Mumbai, India) was
added to MTT-containing medium to solubilize the formazan. The for-
mazan solubilized solution was measured for optical density by using a
multi-plate reader (Thermo Scientific – Varioskan Lux) at 560 nm with
the help of the software package SkanIt RE 4.1. The percentage of cell
viability has been estimated using the equation

(1)

3. Experimental findings and discussion

3.1. TG/DSC study

The TG/DSC curves of the as-prepared ferrite powder, shown in Fig.
1 depict the decomposition process of the chelating agent and its com-
plete elimination from the ferrite.

The endothermic peaks around 213 °C, 393 °C, and 532 °C in DSC
curve represent the onset of ferrite crystallization, breakdown of PEG
[29] and decomposition of residual compounds respectively. The
weight loss shown in TG curve up to 700 °C and the constancy of
weight thereafter suggests the formation of pure and stable nanoferrite
takes place above this temperature. Thus, the thermal behaviour of the
material indicates that NZ3 to NZ7 samples contain both the ferrite ma-
terial as well as chelating agent whereas, NZ8 comprises of only the fer-
rite material. The presence of chelating agent in the samples annealed

Fig. 1. TG/DSC curves of as-prepared powder.

below 800 °C has been confirmed from the observed extra bands in the
FTIR spectra, given in section 3.4.

3.2. Spinel structure and impurity phases

Fig. 2 shows X-ray diffraction patterns of all the samples of
Ni0.60Zn0.35Fe2.05O4 ferrite nanoparticles. The single phase cubic struc-
ture has been identified in the samples NZ3, and NZ4 by indexing the
diffraction peaks using JCPDS cards (08–0234). Additional impurity
lines, marked with an asterisk were identified in the samples NZ5,
NZ6, NZ7 and NZ8 and attributed to traces of iron oxide (JCPDS
card number 89–8104), formed because of the atomic diffusion mech-
anism during annealing [21]. Further, the annealing treatment was
found to improve the crystallization of the samples, as evidenced by
increasing the sharpness and intensity of the diffraction peaks.

3.3. TEM micrographs

The TEM micrographs of the samples and their respective particle
size distribution (inset of micrographs) have been presented in Fig. 3.
The particles of all the samples appear to be spherical with slight ag-
glomeration. In estimating the particle size, Image J software has been
used considering the linear dimensions of several particles of two image
pictures at different regions of each sample. The particle size distribu-
tion is fitted with a log-normal function to evaluate the mean size of
the particle. The average particle size of the sample has been observed
to increase gradually from 3.6 nm to 8.2 nm, with increasing the an-
nealing temperature and the standard deviation obtained from the fit,
varies from 0.2 to 0.3. The particle size values are shown in Table 1.
The broader particle size distribution has been observed with increasing
the annealing temperature.

The rise in thermal energy, in general, favours the growth of crystal-
lization by reducing the crystal defects and relieving the internal
stresses. Moreover, the observed average particle size reiterates the con-
trolling act of the chelating agent in the preparation of the samples.
The influence of annealing temperature on the growth of the particle
size runs parallel to the other systems discussed by many researchers
[20,22].

The slight agglomeration caused by the high surface energy and
magnetic interactions between the nanoparticles of uncoated samples
may affect the magnetic heating efficiency in the study of magnetic hy-
perthermia. The problem may be solved by coating the surface of the
nanoparticles using a suitable coating agent.

Fig. 2. X-ray diffractograms of nanoparticle samples, NZ3 to NZ8.
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3.4. Complete elimination of the chelating agent

The FTIR spectra of all the samples, shown in Fig. 4 reveal two
prominent metal-oxygen bands which correspond to the vibration
modes of Fe3+ - O2−bonds in the tetrahedral sites (observed range
568–590 cm−1) and octahedral sites (observed range 404–411 cm−1)
[30]. The absorption bands that reveal the formation of the cubic
spinel structure are in agreement with the XRD results of the samples.

The observed peaks at 1624 and 1363 cm−1 correspond to the vibra-
tions of the carboxylate group (COO−); validate the presence of PEG in
the samples NZ3 to NZ7. Further, the gradual decrease of the peak in-
tensity of the carboxylate group has been due to the depletion of the
chelating agent from the nanoparticles. The disappearance of carboxy-
late group bands in the sample NZ8 is a clear indication of the complete
removal of PEG from the material and the sample contains only the fer-
rite material. The broadband at about 3390 cm−1 is ascribed to stretch-
ing mode of the O–H group in the free and absorbed water [31].

3.5. Specific saturation magnetization

Room temperature magnetic hysteresis loops of all the samples are
shown in Fig. 5 and the relevant magnetic parameters drawn from
these loops are presented in Table 1. An initial noticeable increase from
NZ3 to NZ4, unchanging fixed value in NZ4 to NZ7 and a steep rise to a
very large value in NZ8 were noticed in relation to the specific satura-
tion magnetization.

The net specific saturation magnetization of a magnetic nanoparti-
cle, in general, is dependent on magnetic contributions from the surface
spins and the core of the particle. The core of the nanoparticle is com-
posed of magnetically ordered spins which align antiparallel due to su-
per exchange interactions between the cations occupied both the tetra-
hedral and octahedral sites of the spinel structure. However, the surface
atoms experience different environments due to several types of defects
that exist on the surface, which include the existence of canted spins,
changes in the atomic coordination, and lattice disorder. The uncom-
pensated spin structure and the lack of symmetry at the surface of the
particle develop surface anisotropy, which reduces the magnetic contri-
bution of the surface as compared to that of the core.

As discussed in the previous section 3.1, the sample NZ3 annealed at
300 °C contains the ferrite material and larger amount of the chelating
agent. The observed less specific saturation magnetization (30.8 emu/
g) was attributed to the lesser amount of ferrite material present in the
particle. The initial increase in specific saturation magnetization from
NZ3 to NZ4 samples (30.8–36.3 emu/g) might be due to the increasing
amount of ferrite material and reducing amount of the chelating agent
caused by the rise in annealing temperature. An impurity phase of anti-
ferromagnetic hematite (α-Fe2O3) was observed to grow in the samples
NZ5 to NZ7 with the increase of annealing temperature. The presence
of impurity phase, the leftover chelating agent and the surface
anisotropy of the nanoparticles might be the responsible factors for
keeping almost the same value of specific saturation magnetization in
the samples NZ4 to NZ7. The complete elimination of a chelating agent,
the presence of complete ferrite material in particles, the particle size
growth and the consequent exchange interactions are pertinent causes
for the observed steep rise in specific saturation magnetization in NZ8
sample.

Specifically, the insignificant remanent magnetization (σr) and co-
ercivity (Hc) of NZ3 and NZ4 samples allow establishing the superpara-
magnetic behaviour of the samples, if any. In carrying out the hystere-
sis loop measurements, the applied magnetic field, 15 kOe was thought
of insufficient to produce the saturation as the magnetization appeared
to increase with the increase of the applied magnetic field. The incom-
plete saturation (inset of Fig. 5) has been asserted to be an indication of
the presence of superparamagnetic single domain particles [32,33].

3.6. Single domain nature

The transition to the single domain state of multi domain structure
due to annealing can be understood from the coercive field versus parti-
cle size curve as shown in Fig. 6. The size of the particle for which the
maximum Hc occurs is known as critical size of the single domain parti-
cle and is around 5.1 nm which separates both the multi-domain and
single-domain states. The nanoparticles having a particle size below
5.1 nm are single domain particles and above which are multi-domain
particles. The observed variation of Hc is in consonance with those re-
ported by many researchers [20,34,35].

Below the critical size, the increase in Hc with the particle size has
been due to increasing magnetic anisotropy and the magneto-static en-
ergy of the particle is too low to form a domain wall with which the
particle remains in the single-domain state. In the absence of domain
wall, the spin rotation responsible for the magnetization reversal results
in larger Hc of the nanoparticles. The observed decrease in Hc above the
critical size has been attributed to the contributions that arise from the
development of domain walls in the particles [20,36]. In multi-domain,
the magnetization increases due to domain wall displacement under the
action of the magnetic field.

In general, biocompatible superparamagnetic or low coercive single
domain ferro/ferrimagnetic nanoparticles with sufficiently high satu-
ration magnetization are desirable for the study magnetic hyperther-
mia. The samples NZ3 and NZ4 are considered to be superparamagnetic
based on their insignificant values of remanent magnetization and Hc.
The experiments conducted in establishing such nature are presented in
the next section. The colloidal stability, biocompatibility and the heat-
ing efficiency of these nanoparticles were examined to explore their use
as a potential material in magnetic hyperthermia.

3.7. Superparamagnetic nature

The magnetic moment of a superparamagnetic particle with all its
spins aligned internally keeps flipping due to thermal energy. On cool-
ing, the flip rate drops suddenly at some temperature where the magne-
tization of a superparamagnetic particle becomes frozen, and the corre-
sponding temperature is called blocking temperature, a characteristic
property of superparamagnetism. The blocking temperature has been
measured from the temperature dependence of the zero-field cooling
(ZFC) and field cooling (FC) magnetization curves for the nanoparticles
of two samples NZ3 and NZ4. Fig. 7 shows the temperature dependence
of ZFC and FC specific magnetizations (MZFC and MFC) for both the
samples at an applied magnetic field 500 Oe in the temperature range
20 K–300 K.

From the ZFC curves, it is evident that the specific magnetization
rises gradually up to a maximum and then decreases with increasing
temperature. The temperature at which specific magnetization reaches
a maximum, viz, Tmax, is known as blocking temperature of the system.
The observed blocking temperatures are 100 K for NZ3 and 201 K for
NZ4 having a mean particle sizes 3.6 nm and 4.4 nm respectively.
Larger the particle size higher the magnetic anisotropy energy and
hence higher thermal energy is required for superparamagnetic transi-
tion. These values are higher than those reported by Xia Li et al. [18]
for Ni0.5Zn0.5Fe2O4 nanoparticles of size 6 nm in a magnetic field of
500 Oe.

The bifurcation of ZFC and FC magnetization curves occurs at a cer-
tain temperature known as irreversibility temperature, Tirr, determined
at a point on the curves where the common acceptable condition, (MFC-
MZFC)/MFC < 1% is fulfilled [37]. The irreversibility temperatures, thus
obtained for NZ3 and NZ4 samples are 131 K and 261 K respectively.
The irreversibility temperature is an essential characteristic of the su-
perparamagnetic system [19], above which the ZFC and FC curves su-
perimpose in both the samples. Generally, in a system containing mono-
size, and non-interacting superparamagnetic nanoparticles, the Tirr co-
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Fig. 3. TEM images and particle size distribution of the samples, NZ3 (a) –NZ8 (f).

Table 1
Particle size, specific saturation magnetization (σS), remanent magnetiza-
tion (σr) and coercive field (Hc) for all the samples.

Sa mple Particle si ze (nm) σS (emu/g) σr (emu/g) Hc (Oe)

NZ3 3.6 30.8 0.16 7
NZ4 4.4 36.3 0.77 27
NZ5 5.1 35.8 4.39 113
NZ6 6.1 35.4 4.48 112
NZ7 7.2 35.1 4.44 106
NZ8 8.2 84.2 7.39 90

incides with Tmax and the ZFC magnetization curve shows a sharp peak.
However, the broad maximum of the ZFC curve and the separation be-
tween Tirr and Tmax indicate the particle distribution and interaction be-
tween the nanoparticles [38]. Further, the closeness of Tirr and Tmax in
NZ3 sample is associated with the narrow size distribution of the parti-
cles as observed by TEM leading to the existence of less magnetic inter-
actions between the particles as compared to those of NZ4 sample. The
magnetic interactions between the particles contribute an additional
energy to the effective anisotropy, and require higher thermal energy
for superparamagnetic transition. Therefore, the blocking temperature
shifts towards the higher temperature values in both NZ3 and NZ4 sam-
ples. Several researchers have reported higher blocking temperatures in
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Fig. 4. FTIR spectra of the samples, NZ3 to NZ8.

Fig. 5. M–H loops of all samples, NZ3 to NZ8, at room temperature.

Fig. 6. Particle size dependence of coercivity.

the systems having interacting superparamagnetic nanoparticles
[39–41].

3.8. Colloidal stability

The magnetic nanoparticles with good dispersion and colloidal sta-
bility over a long time period in the water near the neutral pH are essen-
tial for biomedical applications. The colloidal stability of the nanopar-
ticle in water dispersion has been studied through zeta potential mea-
surement and the values for NZ3 and NZ4 nanoparticles at pH 7 have
been found to be – 18.9 mV and – 9.07 mV respectively. The negative
potential of the nanoparticle is leading to the existence of negatively
charged carboxylate groups over the surface of the particle as observed
by the respective absorption bands in the FTIR spectrum. The zeta po-
tential of NZ3 nanoparticles is more negative than NZ4 nanoparticles,
leading to their less aggregation, thus providing relatively higher col-
loidal stability in water.

3.9. Magnetic hyperthermia experiment

The heating efficiency of superparamagnetic nanoparticles, NZ3
and NZ4 has been tested using induction heating experiment, choosing
an alternating magnetic field of amplitude 200 Oe at two frequencies
519 kHz and 746 kHz for varied concentrations 12 mg/mL, 16 mg/mL
and 20 mg/mL of the sample in a water medium. The self-heating tem-
perature characteristic curves are given in Fig. 8 and Fig. 9.

With an initial sharp rise, the temperature of the specimen shows a
gradual increase with time under the specified conditions. However, the
rise of temperature to a higher value in a short interval of time is seen
with increasing concentration and frequency.

Generally, the temperature rise with time in the induction heating
process is ascribed to the heat produced by the particles through mag-
netic losses under alternating magnetic field. The high resistivity of fer-
rite nanoparticles keeps the losses due to eddy currents at minimum.
The rapid changes in the direction of the magnetic moment of the parti-
cle due to the field, generate heat via Néel relaxation, while, the hin-
drance of particle rotation within the liquid viscous force generates
heat due to Brownian relaxation.

The heating ability of the magnetic material, evaluated by the spe-
cific absorption rate (SAR) of the dispersed nanoparticles in water is
given by the following expression [25],

(2)

where, C is the specific heat capacity of water (4.186 J/g °C), mS and
mm represent the masses of the suspension and the nanoparticles in the
suspension respectively. The maximum of the derivative that oc-
curs within a few seconds has been considered to be the best approxi-
mation of the adiabatic character of the measurement [42].

The maximum SAR was observed for NZ3 nanoparticles at both the
frequencies, 519 KHz and 746 kHz whereas, for NZ4 nanoparticles only
at 519 kHz for the concentrations 16 mg/mL. In the case of the NZ4
sample, SAR has been observed to decrease with increasing concentra-
tion from 123.8 W/g to 48.4 W/g at 746 kHz (inset of Fig. 9b). The de-
crease in SAR with the increasing concentration has previously been re-
ported by several researchers [9,15,43]. The SAR value is known to de-
pend on several parameters, viz. frequency and amplitude of the alter-
nating magnetic field, the amount and dispersion of the sample in the
suspension besides its properties [18]. The large SAR associated with
NZ4 for the concentration 12 mg/mL at 746 kHz might be due to the
combined contributions from Brownian and/or Néel loss. The higher
the concentration, the smaller the interparticle distance results in im-
proving the magnetic interactions between the particles and conse-
quent decrease in Néel and Brownian relaxation losses on heat leading
to a low SAR. The SAR values obtained above 60 W/g for a given set of
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Fig. 7. Variation of ZFC-FC magnetization (a) NZ3 and (b) NZ4 nanoparticles in an applied magnetic field of 500 Oe.

Fig. 8. Temperature versus time curves of (a) NZ3 and (b) NZ4 under the magnetic field 200 Oe at frequency 519 kHz.

Fig. 9. Temperature versus time curves of (a) NZ3 and (b) NZ4 under the magnetic field 200 Oe at frequency 746 kHz.

concentration and frequency are acceptable to those of the materials
used for magnetic hyperthermia [5].

3.10. Cytotoxic effect of nanoparticles on A549 cells

The MTT assay was performed to understand the biocompatibility
of NZ3, and NZ4 nanoparticles. The study was conducted with
A549 cell line with a time interval of 1, 3, and 7 days. The observed cell
viability was above 90% in all the samples on day one. The same trend
was observed on day three and seven (Fig. 10). The Ni–Zn ferrites were
reported for the potential cytotoxicity even at μg/mL concentrations
[44]. Interestingly, the particles of higher concentration have shown
well bio-compatibility. The possible reason may be the chelation of
nanoparticles with highly biocompatible PEG which reduces the cyto-
toxicity in NZ3 and NZ4 samples.

The present study corroborates that experimentation with larger
amount of magnetic material is not imperative to attain higher value of

Fig. 10. Cell viability of NZ3 and NZ4 nanoparticles with different concen-
trations.
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SAR. However, the SAR should be as high as possible to minimize the
concentration of the nanoparticles used for magnetic hyperthermia un-
der the acceptable alternating magnetic field and frequency [34].

Further, several studies reveal that the surface coating plays an im-
portant role in colloidal stability and bio-compatibility which ulti-
mately change the performance of the magnetic hyperthermia material
[45,46]. The surface coating in general, prevents the formation of ag-
gregates by maintaining proper distance through electrostatic repulsion
between the particles [25].

3.11. Effect of coating

With a view of eliminating agglomeration of the nanoparticles, if
any, the samples NZ3 and NZ4 have been coated with citric acid to pro-
duce superior magnetic fluid hyperthermia agents.

The surface of the nanoparticles was modified with carboxylic
groups by coating with citric acid. Briefly, 4 mL of citric acid solution
was prepared in de-ionized water with a concentration of 0.5 mg/mL.
Simultaneously, 50 mL of nickel-zinc ferrite nanoparticle dispersive so-
lution in water was prepared with a concentration of 1 mg/mL. The
slurry of magnetic nanoparticles was heated to 90 °C and added with
previously prepared citric acid solution by continuous stirring for 1 h.
Finally, the coated nanoparticles were retrieved by magnetic decanta-
tion, washed with water and dried in the vacuum oven for 24 h
[47,48]. The final products, so obtained are designated as CANZ3 and
CANZ4 in the following sections.

The citric acid layer formed on the surface of the nanoparticles of
the samples may be identified from the additional bands present in the
FTIR spectra. Fig. 11 shows FTIR spectra of pure citric acid, CANZ3,
and CANZ4 nanoparticles. No significant variation is seen in the FTIR
spectra of CANZ3 and CANZ4 nanoparticles.

The pure citric acid absorption bands are clearly resolved and a few
bands appear in the coated samples with low intensity. The absorption
band 1724 cm−1 has been assigned to the C = O vibration from COOH
group of citric acid. The complete disappearance of the peak 1724 cm−1

and appearance of a new band 1585 cm−1 in the samples correspond to
the vibrations of carboxylate (COO−) group; validate the binding of
polymer on the surface of the magnetic nanoparticles through a COOH
group of citric acid [49]. The observed decrease in the intensity of the
peaks has been thought of due to the formation of carboxylate group
complexes with the iron atoms on the surface of the magnetic nanopar-
ticles. The absorption bands 1380 cm−1 and 1228 cm−1 have been as-
signed to the stretching of COO− and C–O groups of citric acid respec-

Fig. 11. FTIR spectra of pure citric acid, CANZ3, and CANZ4 nanoparticles.

tively [50]. Further, relatively an intense band observed around
591 cm−1 is due to the vibration mode of Fe3+ - O2− bond in the tetrahe-
dral site of magnetic nanoparticles [50].

The presence of citric acid on the nanoparticles was further con-
firmed by the zeta potential values. The zeta potential values for
CANZ3 and CANZ4 nanoparticles at pH 7 are – 27.1 mV and – 35.7 mV
respectively. The negative value suggests the presence of negatively
charged carboxylate groups on the surface of the nanoparticles. The
observed higher values as compared to those of NZ3 and NZ4 nanopar-
ticles are attributed to the creation of an additional negative surface
charge due to citric acid coating. The negative charges on the surface
of the nanoparticles oppose agglomeration of the particles due to repul-
sive forces between the particles which enables the long time stability in
water.

Fig. 12 shows the significant increase in cell viability in CANZ3 and
CANZ4 nanoparticles when compared to NZ3 and NZ4 nanoparticles
at all concentrations due to the presence of carboxylate groups on the
surface of the nanoparticles. Li. et al. [48] also reported an improved
biocompatibility in citric acid coated iron oxide nanoparticles even at
higher concentrations of the material.

Further, both the uncoated and coated nanoparticles have shown
no toxicity even at higher concentration 20 mg/mL.

3.12. SAR values of uncoated and coated nanoparticles

The heating efficiency of CANZ3 and CANZ4 nanoparticles was ex-
amined under an alternating magnetic field of amplitude 200 Oe at
519 kHz and 746 kHz for particle concentration 12 mg/mL in a water
medium. For a clear understanding of the effect of citric acid coating
on SAR, the heating efficiency of NZ3 and NZ4 nanoparticles for con-
centration 12 mg/mL has been compared with that of CANZ3 and
CANZ4 nanoparticles. The self-heating temperature characteristic
curves of NZ3, NZ4, CANZ3 and CANZ4 nanoparticles at both the fre-
quencies are given in Fig. 13 and Fig. 14.

The basic process of magnetic hyperthermia is the interaction be-
tween the magnetic moment of the nanoparticle and applied time-
varying magnetic fields. Heat is generated through three important
mechanisms, namely Néel relaxation, Brownian relaxation and loss of
hysteresis [51]. How much energy is released depends on the frequency
and amplitude of the applied magnetic field, as well as the intrinsic
magnetic properties of the nanoparticles. The heating ability of the
magnetic nanoparticles is dependent on its size, shape, composition,
coated layer and specific absorption rate.

Heat loss in the case of small nanoparticles can be due to Néel relax-
ation and the Brownian contribution can be overlooked. To reach high
heating levels, Néel relaxation should not be allowed to dominate. The
VSM results of the NZ3 and NZ4 samples (section 3.5) show hysteresis
loops with negligible remanent magnetization and coercivity (Table 1)
probably due to agglomeration and larger particle size. The contribu-

Fig. 12. Cell viability of CANZ3 and CANZ4 nanoparticles with different
concentrations.
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Fig. 13. Heating abilities of (a) NZ3 and CANZ3 and (b) NZ4 and CANZ4 nanoparticles for concentration 12 mg/mL at 519 kHz.

Fig. 14. Heating abilities of (a) NZ3 and CANZ3 and (b) NZ4 and CANZ4 nanoparticles for concentration 12 mg/mL at 746 kHz.

tion of hysteresis loss can be anticipated for these samples in addition to
Néel relaxation [51,52]. Achieving the therapeutic temperature range
in NZ4 nanoparticles is attributed to the additional loss of hysteresis
over NZ3 nanoparticles.

Uncoated NZ3 nanoparticles did not produce the therapeutic tem-
perature at the two frequencies investigated in the experiment, while
uncoated NZ4 nanoparticles provided the required therapeutic temper-
ature range at 746 kHz. However, the CANZ3 and CANZ4 coated sam-
ples achieved the therapeutic temperature even at 519 kHz. The tem-
perature reaches a maximum after a certain time, because the heat gen-
erated is balanced by the loss of heat of the nanoparticle system. From
Figs. 13 and 14 for nanoparticle concentration 12 mg/mL, the temper-
ature change (17.1 °C–26.3 °C) shown by the coated particles is more
than that provided by uncoated particles (11.9 °C–21.2 °C) for an hour
exposure of magnetic field at both the frequencies. Furthermore, the
SAR values of both coated and uncoated nanoparticles at two frequen-
cies, presented in Table 2, clearly establish the significance of the coat-
ing.

For the same concentration of nanoparticles, the same frequency
and the same amplitude of the magnetic field, the initial temperature
increase is higher in nanoparticles coated compared to uncoated parti-
cles dispersed in the water medium. As a result, SAR values show higher
heating efficiency for coated nanoparticles compared to uncoated par-
ticles. The citric acid surface coating which enables higher SAR values,

Table 2
SAR values of uncoated and coated nanoparticles for concentration
12 mg/mL.

Frequency (kHz) SAR (W/g) SAR (W/g)

NZ3 CANZ3 NZ4 CANZ4

519 32.8 41.7 43.6 64
746 34.8 42.6 123.8 131.5

prevents the agglomeration of nanoparticles and provides good disper-
sion stability compared to the uncoated nanoparticles.

From the results of the FTIR and zeta potentials (section 3.11), it is
believed that the complete binding of the citric acid coating provides
more negative charge due to the presence of the COO−group on the sur-
face of the magnetic nanoparticles. An adequate thickness of the citric
acid coating keeps the approaching nanoparticles far by allowing suffi-
cient electrostatic repulsion between the nanoparticles and establishing
the balance among the nanoparticles. Consequently, coated nanoparti-
cles have been distributed homogeneously in water medium and exhibit
a good colloidal stability for a long time without significant change in
particle size. The efficiency of heat generation is thus increased for the
well dispersed coated nanoparticles through Néel and Brownian relax-
ations and several researchers also reported higher SAR values for effi-
ciently dispersed nanoparticles [41,53–56].

The SAR values of the coated nanoparticles of the present study are
shown in Table 3 along with others’ work to elucidate the heating effi-
ciency of citric acid coating. From the comparison of SAR and the prod-
uct of magnetic field amplitude (H) and frequency (f) values, it is evi-
dent that citric acid coated Ni–Zn ferrite nanoparticles of concentration
12 mg/mL are assured to be promising candidates for their use in mag-
netic fluid hyperthermia as heating agents in providing the required
therapeutic temperature range for adequate time.

As per the recent reports, the maximum field-frequency product that
living tissues tolerate varies from 1.8 × 109Am−1s−1to 18.7 × 109

Am−1s−1 [60–62] and the product of the present work is within the
range of the reported values. At the end, the study indicates that the cit-
ric acid coating has greatly improved biocompatibility and stability of
nanoparticles in water medium for longer time with distinct SAR val-
ues.

9
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Table 3
Comparison of SAR and Hf values under specified conditions.

Nanoparticles f
(kHz)

H
(kA/m)

Particle concentration
(mg/mL )

SAR
(W/g)

Hf
(Am−1s−1)

Reference

Ci tric acid coated Ni0.6Zn0.35Fe2.05O4 519 15.91 12 64 8.25 × 109 Present
study

Ci tric acid coated Ni0.6Zn0.35Fe2.05O4 746 15.91 12 131.5 11.86 × 109 Present
study

Ci tric acid coated ma gnetite 293 60 30 42 17.58 × 109 [57]
Triethylene glycol coated Ni0.6Zn0.4Fe2O4 216 4.4 10 50 0.95 × 109 [58]
Dextron coated MgFe2O4 265 26.7 10 55.6 7.08 × 109 [13]
Terephthal ic acid (TA) - 2-am inoterephthalic acid (ATA) coated superpar am agnetic

iron ox ide nanoparticles
751.5 10.9 8 126 8.2 × 109 [59]

H values are represented in kA/m. Here 1 kA/m = 12.566 Oe.

4. Conclusions

The method adopted in processing the nanoparticles was proved to
be an efficient one in reducing the size of the particles to the extent of
exhibiting superparamagnetic single domain nature. The occurrence of
heating ability close to 46 °C for nearly 35 min was demonstrated for
uncoated samples of different concentrations 12 mg/mL, and 16 mg/
mL in an alternating magnetic field 200 Oe at a frequency 746 kHz by
conducting magnetic induction heating experiments. In case of coated
nanoparticles, the required therapeutic temperature range was ob-
served at a frequency 519 kHz for concentration 12 mg/mL in an alter-
nating magnetic field 200 Oe. The cytotoxicity study on lung cancer
cell line evinced greater cell viability of the coated samples for all dif-
ferent concentrations of the nanoparticles. Hence, the present study
favours the suitability of citric acid coated nickel-zinc ferrite super-
paramagnetic nanoparticles for magnetic hyperthermia application.
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