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INTRODUCTION

In recent years, magnetic hyperthermia is being used as
efficient anticancer therapy due to its various advantages such
as administered heat generation ability, capability to approach
deep rooted tumor tissues and proficiency to precisely target
the tumor vasculature [1]. In magnetic hyperthermia, a nano-
fluid of magnetic nanoparticles is inoculated straight away
into tumor vasculature and alternating magnetic field with
frequency and amplitude is applied. Affected cancer cells or
tissues can be deceased by reaching temperatures range of 41
to 46 °C without influencing the healthy cells or tissues. Heat
is produced by magnetic nanoparticles in presence of an
alternating magnetic field due to three different mechanisms
i.e. generation of eddy current, hysteresis losses and relaxation
losses (Néel and Brownian relaxation) [2]. Over the years, the
interest in magnetic nanoparticles has been increased more
rapidly because of the benefits envisaged by their launch in
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biomedical application. Magnetic nanoparticles are anticipated
to upgrade the performance of currently used therapeutic tools
[3]. Research on spinel ferrites has been increased in recent
days and they are being used in many biomedical applications
due to their unique magnetic properties such as single domain
effects, high coercivity, moderate magnetization and super-
paramagnetism [4]. Among spinel ferrites, manganese ferrite
(MnFe2O4) is significant member of ferrite family and
possesses various excellent properties such as size-dependent
saturation magnetization, high anisotropy constant, high
resistivity superparamagnetism and high curie temperature.
This makes manganese ferrite (MnFe2O4) remarkable magnetic
material for biomedical applications [5,6]. For magnetic
hyperthermia, the magnetic nanoparticles should have a high
specific absorption rate (SAR) and SAR value of magnetic
nanoparticles is controlled by particle size, shape, distribution,
dipole-dipole interactions, density, magnetic anisotropy and
magnetic field amplitude [7,8].



The synthesis of magnetic nanoparticles is required to improve
chemical and physical characteristics of magnetic nanoparticles
and make them appropriate for biomedical applications. In
addition, these particles must be small scale enough to maintain
in the biological circulation and to transit via the capillary
systems of tissues [9,10]. Magnetic nanoparticles can be pre-
pared by various synthesis methods like co-precipitation, sol-
gel, microwave, reverse micelle, ball milling, combustion,
polyol and hydrothermal [11-18]. Here, polyol method
was used to prepare ethylenediamine (EDA) functionalized
MnFe2O4 nanoparticles. Polyol method is very powerful
approach for preparation of non-agglomerated nanoparticles
with required size and shape. It has several advantages such
as ease of synthesis, better control over particle size and distri-
bution. A liquid polyol (e.g. ethylene glycol, diethylene glycol,
triethylene glycol etc.) acts as reducing agent and high boiling
solvent and stabilizer to prevent inter-particle aggregation in
polyol method [19-21]. Magnetic nanoparticles can be
functionalized by different types of polymers and surfactants
to minimize toxicity, avert cluster formation, extend storage
life and escalate the compatibility between nanoparticles and
aqueous medium. Polymers or surfactants are usually absorbed
on the surface of nanoparticles to improve the stability of
nanoparticles. These surfactants form a layer that generates
an effective repulsive force between nanoparticles and prevents
flocculation thereby improving the stability in aqueous media.

In the present research, monodispersed MnFe2O4 nano-
particles functionalized with ethylenediamine were synthesized
by using polyol method. The synthesized ethylenediamine
coated nanoparticles were characterized further for their
structural, morphological and magnetic properties in order to
investigate the effect of functionalization on nanoparticles.
Temperature rise characteristics and SAR value of ethylene-
diamine functionalized nanoparticles have been investigated
under an alternating current (AC) magnetic field at appropriate
field amplitudes and frequency to investigate their effectiveness
as heating agents in hyperthermia applications therapy.
Biocompatibility study was performed at different concen-
trations on MCF7 cell line to determine the cell viability of
obtained nanoparticles.

EXPERIMENTAL

To prepare ethylenediamine functionalized MnFe2O4

nanoparticles, FeCl3·6H2O, MnCl2·4H2O, diethylene glycol,
sodium acetate, ethylenediamine etc. were purchased from
HiMedia, Mumbai (MS), India. All chemicals used here were
of analytical grade and used without further purification.

Synthesis of ethylenediamine functionalized MnFe2O4

magnetic nanoparticles: The ethylenediamine functionalized
MnFe2O4 magnetic nanoparticles were prepared using polyol
method. A mixture of MnCl2 (6 mmol), FeCl3 (12 mmol) was
dissolved in 30 mL diethylene glycol to form a clear solution follo-
wed by addition of sodium acetate and 15 mL of ethylenediamine
solution. Reaction mixture was stirred vigorously and refluxed
for 3 h at 210 °C. Black coloured colloidal particles appeared in
the round bottom flask and then cooled at room temperature. The
particles were washed many times with ethanol and separated by
magnetically. Particles were then dried at room temperature [22,23].

Characterization: Phase purity and structural analysis
of the ethylenediamine functionalized MnFe2O4 magnetic
nanoparticles were studied using XRD (Philip-3710) with Cr-
Kα radiation (λ = 1.5418 Å) in the 2θ range from 20° to 80°.
Magnetic nanoparticles were used to get FTIR spectra with
the help of spectroscopy (Alpha ATR Bruker Eco Model) in
the range 450 to 4000 cm-1. A thermal study of functionalized
nanoparticles was carried out using transanalytical instrument
mode (SDT 2960). An experiment was performed in nitrogen
atmosphere in temperature range 25-625 °C with heating rate
10 °C min–1. SEM and TEM images were used to determine
the morphology and size of the nanoparticles. Particle size of
the MnFe2O4 nanoparticles was measured with TEM (Philips
CM 200 model) operating voltage 20-200 kV with resolution
2.4 Å. Coercivity and saturation magnetization was calculated
by VSM at room temperature from M-H curve.

An induction heating properties of magnetic nanoparticles
were studied for hyperthermia applications using induction
heating unit (Easy heat 8310, Ambrell, UK). In this experiment,
the samples 5 and 10 mg mL-1 of distilled water were taken in
a plastic micro centrifuge tube (1.5 mL) and heating coil having
6 cm diameter with 4 turns at 265 kHz frequency. Magnetic
nanoparticles were dispersed in water and sonicated to attain
a good dispersion in water. Samples were then heated for 10
min with the desired current (200 to 400 A, i.e. 167.6, 251.4
to 335.2 Oe) and optical fiber probe with accuracy 0.1 °C was
used to measure temperature.

RESULTS AND DISCUSSION

Structural and morphological studies: Synthesized
ethylenediamine functionalized MnFe2O4 nanoparticles were
structurally investigated using XRD. Fig. 1 depicts the
diffractogram of ethylenediamine functionalized MnFe2O4.
The diffraction peaks values (220), (311), (400), (422) and
(511) were obtained with (hkl) and then all peaks were matched
with the JCPDS file number 38-0430. The Gaussian fit of a
most intense peak (311) was used to calculate a full width at
half maxima for determination of crystallite size (D) by using
eqn. 1:

0.9
D cos

λ= θ
β (1)

where, D denotes the crystallite size, λ is the wavelength of
radiation, 0.9 is the Scherrer constant, β denotes FWHM of
most intense peak (3 1 1) peak in radians and θ is diffraction
angle.

An inverse spinel cubic structure (Fd3m) of the sample is
affirmed from obtained diffractograms and it can be confirmed
from XRD pattern that coating with ethylenediamine does not
influence the crystal structure of the MnFe2O4 nanoparticles.
The lattice constant value was ~8.346 Å and it was calculated
considering single phase for sample. The crystallite size of
ethylenediamine functionalized MnFe2O4 nanoparticles
estimated by Scherrer’s formula is 7 nm.

Surface coating of magnetic nanoparticles was confirmed
by FTIR and TGA analysis. Fig. 2 shows the FTIR spectra of
ethylenediamine functionalized MnFe2O4 in 4000 to 450 cm-1.
The attachment of functional group to surface of magnetic
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Fig. 1. XRD pattern of ethylenediamine functionalized MnFe2O4
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Fig. 2. FTIR spectra of ethylenediamine functionalized MnFe2O4 nano-
particles

nanoparticles was analyzed by FTIR technique. FTIR gives
details about stretching frequencies. A characteristic band near
600 cm-1 is due to stretching vibrations of Fe3+ –O–2 and it is
observed in all ferrites. The peaks at approximately 1631 and
3400 cm-1 of ethylenediamine functionalized MnFe2O4 match
with ethylenediamine peaks [22]. This observation showed
an existence of ethylenediamine molecules on MnFe2O4 nano-
particles surface.

Thremogravimetry curve for the ethylenediamine
functionalized MnFe2O4 nanoparticles were recorded in the
temperature range from 25 to 625 °C with a heating rate of 10
°C in nitrogen atmosphere. Fig. 3 shows weight loss in three
steps for ethylenediamine functionalized MnFe2O4. An initial
weight loss was due to the removal of surface water and mois-
ture. Second weight loss was noticed due to decomposition of
diethylene glycol, which was modified with ethylenediamine.
Third weight loss was observed due to the surface bonded
ethylenediamine molecules and it was above 400 °C. This
observation confirms the presence of ethylenediamine on the
surface of nanoparticles [24].

Surface morphology of ethylenediamine functionalized
MnFe2O4 nanoparticles was analyzed by SEM and which is
shown in Fig. 4. The morphology shows that particles are
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Fig. 3. Thremogram of ethylenediamine functionalized MnFe2O4 nano-
particles

conglomerated in nature and most of them are roughly sphe-
rical. It is dependent on the intermolecular force between
nanoparticles and cumulative behaviour of nanoparticles. Fig.
5(a) shows TEM image of ethylenediamine functionalized
MnFe2O4 nanoparticles and it shows the formation of roughly
spherical nanoparticles with average particle size about 8 nm.
The particle size matches with crystallite size calculated from
XRD analysis. Fig. 5(b) represents the selected area electron
diffraction (SAED) patterns and it shows bright ring patterns
indicating crystalline nature of nanoparticles as specified by
XRD patterns. The ring patterns correspond to (220), (311),
(400), (511) and (440) planes, which can be clearly seen in
XRD results.

Fig. 4. SEM image of ethylenediamine functionalized MnFe2O4 nanoparticles

Magnetic study: The magnetic properties of ethylene-
diamine functionalized MnFe2O4 nanoparticles measured by
VSM and M versus H measurements at 300 K were carried
out as presented in Fig. 6. It can be seen from hysteresis curve
of functionalized MnFe2O4 magnetic nanoparticles at 300 K
that there is no coercivity or remanence existed, indicating
the superparamgnetic behaviour. The saturation magnetization
observed for ethylenediamine functionalized MnFe2O4 is found
to be 53 emu/g and which is smaller than the bulk ferrite [25].
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Fig. 6. M–H curve of ethylenediamine functionalized MnFe2O4 nanoparticles

Induction heating study: Temperature rise and SAR value
of ethylenediamine functionalized MnFe2O4 nanoparticles are
shown in Fig. 7. Temperature rise of magnetic nanoparticles
with time was evaluated under different magnetic field from
167.6 to 335.2 Oe for 10 min with a concentration of 5 mg
mL-1 and 10 mg mL-1, which is shown in Fig. 7a and b. From
temperature curve, it is observed that ethylenediamine functio-
nalized MnFe2O4 nanoparticles gain the hyperthermia tempe-
rature within a short time span and at a lower AC magnetic

field. Time required to reach the hyperthermia temperature is
less for suspension of 10 mg mL-1 in comparison with 5 mg
mL-1 and this may be due to the increase in exchange coupling
energy. For particle concentration of 5mg mL-1, it was observed
that the field 167.6 Oe is not sufficient to reach hyperthermia
temperature while hyperthermia temperature is reached for
all values of applied fields for concentration 10 mg mL-1. In
initial stage, the rapid temperature rise is due to the Neel
relaxations and Brownian relaxations as eddy current losses
are negligible for high resistivity ferrites [26,27].

Heat dissipation by magnetic nanoparticles under an AC
magnetic field is measured in terms of SAR (W g–1). It can be
expressed as:

s

m

mdT
SAR C

dt m

  =   
  

(2)

where, C = specific heat capacity of suspension = 4.186 J/(g
°C), (dT/dt) = initial slope of temperature versus time graph,
ms = mass of suspension and mm = mass of the magnetic
material in suspension.

The SAR values for sample are calculated using above
eqn. 2. The SAR values for 5 and 10 mg mL-1 increase from
40.66 to 94.65 W g-1 and 33.33 to 73.00 W g-1 with increase in

(a) (b)

Fig. 5. (a) TEM image and (b) SAED pattern of ethylenediamine functio-nalized MnFe2O4 nanoparticles
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field from 167.6 to 335.2 Oe respectively. There is higher
temperature rise in the case of sample 10 mg mL-1 as compared
to sample 5 mg mL-1 but the SAR value is higher in the case of
5 mg mL-1. The highest SAR value 94.65 W g-1 was found at 5
mg mL-1 concentration. Ghosh et al. [28] have prepared oleic
acid and polyethylene glycol coated Fe3O4 nanoparticles by
co-precipitation and studied their induction heating properties
in the same range of field amplitudes and concentrations. Value
of SAR obtained was around 60 W g–1. Khot et al. [29] have
studied the AC magnetic heating properties of dextran coated
MgFe2O4 nanoparticles for their applications in hyperthermia
therapy and values of SAR was found to be 107.82 W g–1. The
SAR values observed in present case are high as compared to
MgFe2O4 and Fe3O4 nanoparticles. The material to be used for
hyperthermia therapy is superior when SAR value is high and
high SAR value minimizes the amount of magnetic material
applied for hyperthermia [30]. Hence, it can be concluded that
the ethylenediamine coated MnFe2O4 nanoparticles with high
SAR value can be considered as great potential material for
hyperthermia applications.

Biocompatibility study: Biocompatibility of magnetic
nanoparticles is a significant factor and magnetic nanoparticles
are purposely enhanced to interact with cell in order to use
them for biomedical applications. It is essential to ensure that
this enhancement is not causing any adverse effect on nano-
particles. Toxicity of nanoparticles can be controlled by several
factors such as chemical composition, synthesis process, size,
shape, crystallinity and surface reactivity [31]. MTT assay of
ethylenediamine functionalized MnFe2O4 nanoparticles were
executed in order to check the cytotoxic effect on L929 cell
line (mouse fibroblsat). Cell line was incubated with nano-
particles for 24 h with concentrations of 0.2, 0.4, 0.6, 0.8, 1
and 1.2 mg mL-1 in a 5 % CO2 atmosphere. The relative cell
viability (%) was calculated using the eqn. 3:

Absorbance of treated cells
Viability (%) 100

Absorbance of control cells
= × (3)

Relative cell viability (%) is compared with control well
carrying cells without nanoparticles. Fig. 8 shows the cell
survival rate after incubation with nanoparticles for 24 h. It is
observed that the cell survival rate of nanoparticles depends
on the concentration of nanoparticles in the cell culture media
and coating concentration. Result showed that the cell viability
of ethylenediamine functionalized nanoparticles was greater
than 81 % for concentrations up to 1.2 mg mL-1. It can be con-
cluded that nanoparticles are highly biocompatible and do not
show toxic effect. Therefore, ethylenediamine functionalized
MnFe2O4 nanoparticles can be promising material for hyper-
thermia applications.

Conclusion

In summary, the ethylenediamine functionalized MnFe2O4

nanoparticles have been synthesized using polyol synthesis
method and nanoparticles were around 8 nm in size. The struc-
tural, magnetic and morphological properties of MnFe2O4

nanoparticles have been studied. An experimental result
showed that nanoparticles exhibit superparamagnetic beha-
viour and high saturation magnetization at room temperature.
Magnetic nanoparticles also showed high temperature rise
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Fig. 8. Cytotoxicity profile of ethylenediamine functionalized MnFe2O4

nanoparticles at 24 h on L929 cell line

characteristics when exposed to an external AC magnetic field.
ethylenediamine functionalized nanoparticles showed highest
SAR value 94.65 W g-1 at 5 mg mL-1 concentration. Cell
viability of ethylenediamine functionalized nanoparticles was
greater than 81 % for concentrations up to 1.2 mg mL-1. Thus,
ethylenediamine functionalized MnFe2O4 nanoparticles with
high SAR value at low particle concentration can be considered
as potential for magnetic particle hyperthermia.
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