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Abstract

The complex decomposition approach was used for the synthesis of MFe,O, magnetic nanoparticles (MNPs) by substitut-
ing M as Co, Mn, and Zn.The obtained MNPs were characterized for magneto-structural properties using X-Ray diffraction
patterns, FTIR, Raman and Mossbauer spectroscopy techniques which validate the synthesis of phase pure cubic spinel
ferrite (space group Fd3m) with five Raman active modes. Magnetic properties confirmed using Mossbauer spectros-
copy. The size, morphology, and compositional analysis was performed using HRTEM and EDX where the size of MNPs
was found to be less than 10 nm that attains superparamagnetism with 39.0, 58.28, and 44.24 emu gm~' moment for
CoFe,0,, MnFe,0,, and ZnFe,0,, respectively. The magnetic hyperthermia performance of obtained MNPs was evaluated
by induction heating experiments at magnetic field range 13.3-26.7 kAm™'. The specific absorption rate (SAR) and intrin-
sic loss power (ILP) values were determined at different magnetic fields and mutually related with magneto-structural
properties to evaluate its potential for magnetic particle hyperthermia therapy. The CoFe,0, MNP exhibits a maximum
temperature rise of 25 and 35 °C for 5 and 10 mgmL™" concentrations with threshold temperature rise.

Keywords Complex decomposition - Magnetic nanoparticles - Magneto-structural properties - Magnetic fluid
hyperthermia (MFH) - Saturation magnetization

1 Introduction

The use of magnetic nanoparticles (MNPs) has interest-
ingly increased due to its application in many fields such
as magnetic storage, catalysis, photocatalysis, sensor, and
biomedical applications [1-5]. In recent days, the MNPs
are the best option in various biomedical fields like can-
cer treatment by magnetic fluid hyperthermia (MFH), tar-
geted drug delivery, bioimaging, bioseparation, and bio-
sensor [6-10]. Many researchers have reported that MFH
is an alternative technique for cancer treatment without

damaging normal cells as in chemotherapy. There have
been different classes of MNPs, namely, metals, metal
oxides (Fe,0,, Fe;0,, Mn;0,), ferrites (MFe,O,4), and alloys
[11-15]. Ferrites (MFe,0,) are much more influential MNPs
among others due to its simple synthetic process, distinc-
tive chemical properties, biocompatibility and non-toxicity
to human, controllable size, dispersibility and magnetism
for manipulation with an external magnetic field, and
these features make them potentially applicable in the bio-
medical fields [9, 16-19]. The doping of metal ions shows
superlative effect in physicochemical properties, stability
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toward the seepage of Fe ions and notable improvement
in biocompatibility and magnetic properties [8, 19-21].
Furthermore, the physical and chemical properties of fer-
rite MNPs mainly depend on the uniformity of particle size,
shape, and stability, so it is of ample importance to pre-
pare MNPs with controllable morphology, size, and good
stability. Considering these factors, researchers nowadays
are interested in tuning the properties of MNPs by dop-
ing with metal ions to control particle size, magnetization,
morphology, and rise in temperature by induction heating
using an external magnetic field to explore these MNPs
as MFH [22, 23]. The rise in temperature in such induction
heating studies should be expected between 41 °C-46 °C
so as to discard the cancer cells which can be achieved
by doping the ferrites with metal ions [22]. Additionally,
specific absorption rate (SAR) and intrinsic loss power (ILP)
are crucial aspects in this technique of MFH where higher
SAR and ILP value bearing MNPs are expected within the
human tolerance limit of frequency and amplitude that
of the external magnetic field to treat cancer via MFH
[7, 24]. Another way to achieve the desired properties of
MNPs is synthesis methods where different methods have
been employed including but not limited to precipitation,
sol-gel, microemulsion, complex decomposition, hydro-
thermal, and solvothermal method [25]. Among these
methods, the complex decomposition method mainly
used to obtain monodispersed MNPs with monodispers-
ibility, narrow size distribution and controllable size (below
10 nm) and morphologies due to which they own super-
paramagnetism [26-28].

In this work, we report the synthesis of CoFe,O,,
MnFe,O,, and ZnFe,0, MNPs using the complex decom-
position method to investigate the change in magnetic
and structural properties using M-H curves, X-Ray diffrac-
tion (XRD), FTIR, Raman, and Mossbauer spectroscopy. The
obtained MNPs were also explored in induction heating
studies within the human tolerable range from which val-
ues related to SAR and ILP have been calculated to char-
acterize their applicability and potential in MFH for cancer
treatment.

2 Experimental

For the synthesis of MNPs, analytical research (AR) grade
cobalt (Co, Il) acetylacetonate (Co[acac],, 97%), man-
ganese (Mn, Il) acetylacetonate (Mn[acac],, 97%), zinc
(Zn, 1) acetylacetonate (Zn[acac],, 97%), and iron (Fe, IIl)
acetylacetonate (Fe[acac];, 97%) were purchased from
Sigma-Aldrich. Diethylene glycol (99.5%) and ethylene
glycol (99.5%) of AR grade were purchased from Thomas
Baker while oleylamine (98%) and oleic acid (69%) were
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purchase from Sd-Fine and Fisher Scientific, respectively;
and all these chemicals were used as received.

2.1 Synthesis of MFe,0, MNPs

Co/Mn/ZnFe,0, MNPs were synthesized using the com-
plex decomposition method reported in our previous
work [29]. Briefly, metal precursors of Co/Mn/Zn (2 mmol)
are mixed separately in a solution of Fe(acac); in a mixture
of diethylene glycol and ethylene glycol (10 mL each) con-
taining oleylamine and oleic acid (6 mmol each) followed
by purging with N, at 120 °C for 10 min. Then, the whole
solution was refluxed at 120 °C for 2 h. The as-prepared
MNPs were then separated by adding 20 mL ethanol fol-
lowed by centrifugation. The obtained Co/Mn/ZnFe,0,
MNPs were washed with hexane/ethanol (1:1 v/v) mixture
(3% 10 mL) and finally dispersed in hexane. The powder for
characterization was obtained by washing with ethanol
and drying in air. Obtained MNPs were characterized using
different techniques and were used in induction heating
studies.

2.2 Characterization of MNPs

UV/visible and FTIR spectra of synthesized MNPs were
obtained using a UV/Vis/NIR (V-770, Jasco, Japan) spectro-
photometer and FTIR spectrometer (4600 LE, Jasco, Japan).
XRD patterns were recorded using X'pert PRO (Philips Ein-
dhoven Netherlands) X-ray diffractometer (CuK radiation
line A\=1.5406 A; 40 kV/40 mA). The elemental composi-
tion was obtained from energy-dispersive x-ray spectrom-
eter (EDS) (JEOL JSM 5600), and the Raman spectra were
recorded using a micro-Raman spectrometer (Horiba;
JobinVyon) at 488 nm excitation laser 1800 gmm™' grat-
ing with a CCD detector. HRTEM images were obtained
using TEM-JEM-2100 (JEOL) operated at 200 kV. The mag-
netic properties (M-H curves) were determined using an
alternating gradient magnetometer (AGM) (Micromeg
Tm 2900, PMC). Mossbauer measurements were recorded
using the Weissel velocity drive operating in the constant
acceleration mode at room temperature.

2.3 Induction heating experiment

Induction heating studies of obtained MNPs were made
using Easy Heat 8310, Ambrell, UK with 6 cm diameter
coil (4 turns) with water circulation for ambient temper-
ature. For this study, the suspended aqueous sample (5
and10 mg/mL) is taken in a plastic micro-centrifuge tube
placed at the center of the coil under the applied fre-
quency 276 kHz. The temperature rise experiments were
recorded for 20 min. with 1 min. increment at the applied
magnetic field (H) of 13.3,20.0 and 26.7 kAm™'. The optical
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fiber probe system with an accuracy 0.1 °C was used for
measuring temperature rise throughout the experiment.
The heating ability of the MNPs and its potential to use for
cancer hyperthermia treatment under the AC magnetic
field was measured in terms of SAR and ILP values.

3 Results and discussion
3.1 Magneto-structural properties of MNPs

The characterization of obtained MNPs was performed
using XRD analysis for the investigations of structural prop-
erties. The XRD patterns of CoFe,O, (red) MnFe,O, (blue)
and ZnFe,0, (green) MNPs are given in Fig. 1A. The diffrac-
tion peaks having 26 values 30.16°, 35.34°, 42.97°, 56.31°,
and 62.41°, corresponds to the peak indices 220, 311, 400,
333, and 440, respectively, was reveled from XRD pattern
of MNPs; while the purity and phase of the obtained fer-
rites were confirmed with the absence of peaks at 210 and
300. The validation regarding the formation of a cubic spi-
nel ferrite (space group Fd3m) was also done from XRD
patterns. Scherer’s formula [13] was used to determine
crystallite sizes and were calculated by considering full
width at half-maximum (FWHM) of peak in each sample
corresponding indices of 311. The values of d-spacing, lat-
tice constant (a), X-ray density (D,), surface area (S), volume

A 1300

p110

(a®) have been also determined from the XRD patterns and
reported in Table 1. From these values, it is determined
that less than 10 nm size MNPs with the high surface
area can be obtained using the complex decomposition
method. The different absorption bands in FTIR spectra
(Fig. 1B) support formation of spinel ferrite [30, 31]. For the
synthesized MNPs, metal-oxide vibrational stretch in the
spinel ferrite corresponding to the Fe-O and Co-0O shows
intense and broad absorption band at~547 cm™' [32]. The
broad absorption band at~3390 cm™ corresponds to sur-
face —OH or —-NH stretching vibrations while the intense
bands at 1062, 1409, and 1550 cm™' correspond to -CO
vibration, COO™ symmetric and asymmetric stretching,
respectively. The bands at 2852 and 2922 cm™' represent
the symmetric and asymmetric stretching of -CH,, indicat-
ing the presence of adsorbed oleic acid-oleylamine on the
surface of the MNPs (Fig. 1B) [31]. In the present study, the
MNPs were also characterized using Raman spectroscopy
to find out additional information about the coordination
of the metal ions in obtained MFe,0, as it is a versatile
tool for investigating the purity of spinel ferrites (MFe,O,).
CoFe,0,, MnFe,0,, and ZnFe,O, confirmed a cubic spinel
structure that belongs to the space group O; (Fd3m). Total
42 vibrational modes are possible in such structures while
five Raman active modes were predicted from the factor
group analysis are A4 +Eg+3T,4. The Raman spectra of
obtained MNPs in a frequency range of 150-1000 cm™'
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Fig. 1 X-Ray diffraction patterns (A); FTIR spectra (B) and MH curves (C) of obtained CoFe,0, (red), MnFe,O, (blue), and ZnFe,O, (green)
MNPs

Table 1 Crystallite size obtained from XRD (Dygp), TEM diameter (D), d-spacing, lattice constant (a) X-ray density (D,), surface area (S), vol-
ume (a’) and EDS composition of obtained MNPs

MNPs Dyrp Drey d-spacing ‘a Dy S a Composition (wt %)
nm nm A .cm™3 m*g™’ cm®) x 1072
(nm) (nm) (A) (9 ) (m=g™) (cm?) ) Fo M
CoFe,0, 56+1.0 4.0+1.0 2.5349 8.4073 5.244 237.85 594.25 21.87 50.75 27.37
MnFe,O, 6.8+1.3 6.0+1.0 2.5410 8.4275 5.179 142.68 598.54 32,58 51.32 16.09
ZnFe,0, 71£25 6.0+1.0 2.5486 8.4527 5.160 110.31 603.93 28.49 49.48 22.03
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are shown in Fig. 2. It is observed that the modes above
600 cm™' are of the Aq4 type, involving the symmetric
stretching of O in tetrahedral AO, groups (A=Fe, Mn, Zn,
Co). From the data obtained from Raman spectroscopy
(Fig. 2A), the MNPs of CoFe,0, show Raman active bands
near 296 cm™', 459 cm™, and 672 cm™'which are also
supported from literature data. The characteristic intense
band at 672 cm™' (682 cm™') and 459 cm™' (470 cm™") is
corresponds to the A;; symmetry of tetrahedral and octa-
hedral site, respectively, which indicates the absence of
magnetite, hence confirming the phase purity of CoFe,O,
[17, 33, 34]. Similarly, the other low-frequency modes in
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Fig.2 Raman spectra showing the Raman active bands excited
at 588 nm of obtained CoFe,0, (A), MnFe,0, (B), and ZnFe,O, (C)
MNPs

MnFe,O, (Fig. 2B) and ZnFe,0, (Fig. 2C) represent the
characteristics of the octahedral sites [35, 36]. The pres-
ence of high purity spinel ferrites was further supported
by absence of impurity related Raman active modes (fer-
rihydrite phase) at 710 and 1320 cm™" [35].

The magnetic properties of the MNPs were determined
from M-H curves (Fig. 1C) illustrate that the saturation
magnetization (M) obtained for CoFe,O,, MnFe,O,, and
ZnFe,0, NPs was 39.0, 58.28, and 44.24 emug‘1, respec-
tively, with zero or negligible remanence or coercivity
(Ho) which depicts the superparamagnetic behavior.
The obtained values of magnetic properties are given in
Table 2. In addition, the °’Fe Mossbauer measurements
with constant acceleration mode were conducted to
determine the magneto-structural effect of M?* varia-
tion on MNPs. Very broad Mossbauer spectra for all the 3
synthesized MNPs samples, indicates the distribution of
hyperfine fields. Hence, the data were analyzed with the
distribution of hyperfine fields using the NORMOS/DIST
program as shown in Fig. 3 and the hyperfine parameters
obtained are given in Table 2. Figures 3A-C show a similar
FWHM (0.45 mms™") for obtained MNPs using fit hyperfine
distribution. While the CoFe,0, and MnFe,0, MNPs show
sextet which is a characteristic property of the superpara-
magnetism for both types of MNPs [37-39]. On the other
hand, ZnFe,0, had a doublet with an average isomer
shift of 0.346 mms~' which is the characteristic property
of ZnFe,0, as expected. It also showed a low average
internal hyperfine field (H) when compared to CoFe,O,
and MnFe,0, MNPs, and this closely resembles findings
in the literature [31, 40, 41]. The relaxation effects showed
a broad hyperfine distribution with a sextet in Mossbauer
analysis due to the existence of fine nanoparticle size with
strong interparticle interactions and high magnetization
excluding ZnFe,0,. The HRTEM micrographs shown in
Fig. 3D-F supports the aggregation of particles. The
HRTEM results showed a quasi-spherical morphology with
asizeof4+1,6+1,and 61 nm for CoFe,O,, MnFe,O,,
and ZnFe,0,, respectively, is obtained by complex decom-
position method and these sizes are consistent with the
crystallite sizes obtained from XRD patterns. The composi-
tional analysis determined by EDS is given in Table 1 which
shows the existence of Fe and O along with Co, Mn, and Zn

Table 2 Saturation magnetization (Ms), coercivity (Hc) and magnetic moment (ug) obtained from MH curves; full width half maxima (FWHM),
average isomer shift (/) and average internal hyperfine field (H) obtained from Mossbauer analysis of obtained MNPs

MNPs M He s FWHM I H,

(emug™) (Oe) (mms™) (mms™) (mms™)
CoFe,0, 39.0 0.0 1.6384 0.45 0.328 26.6
MnFe,0, 58.28 2.58 2.3760 0.45 0.336 30.9
ZnFe,0, 44.24 0.63 1.9096 0.45 0.346 743
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Fig.3 Room temperature Mossbauer spectra (A, B and C) and TEM micrographs (D, E and F) of CoFe,0,, MnFe,0,, and ZnFe,0, MNPs,

respectively. Inset shows the SAED patterns correspond to XRD patterns

in respective MNPs. From these results, it is observed that
22% of Fe is replaced by Zn in the case of ZnFe,0,. while
27.37% of Fe is replaced by less magnetic Co (compared to

Fe) in CoFe,0, which influenced directly on its saturation
magnetization Ms. Hence CoFe, 0, showed low Ms than
ZnFe,0,. Our results support the formation of the phase
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pure cubic spinel structured superparamagnetic CoFe,0,,
MnFe,O,, and ZnFe,O, NPs.

3.2 Induction heating studies and determination
of SAR and ILP values

The magnetic hyperthermia performance of the obtained
CoFe,0,4, MnFe,0,, and ZnFe,0, MNPs was estimated by
induction heating as per the experimental procedure. The
studies on effect of MNPs concentration and field param-
eters on self-heating temperature rise properties are car-
ried out. The factual increment in temperature in a time
span of 1200 s. for the MFe, 0, was determined at two dif-
ferent MNP concentrations (5 and 10 mg/mL) at various
magnetic field (13.3, 20.0 and 26.7 kAm™) (Figs. 4A-F).
The graphs show a linear relationship of temperature with
applied field amplitude. Generally, 41-46 °C temperature
is considered as effective for hyperthermia therapy [22].
Observed rapid temperature rise in the initial stages can
be attributed to the magnetic hysteresis loss when Neel
and Brownian relaxations of each ferrimagnetic nanopar-
ticles are activated by the magnetic field [22, 23].

From Fig. 4, it is observed that the time needed to reach
the expected hyperthermia temperature for the MNPs with
a concentration 10 mgmL™" is less than that of the MNPs
with a concentration of 5 mgmL‘1; and the time duration
varies as a function of the applied field. It is clear that with
an increase in particle concentration there will be more
MNPs in the increased particle—particle interactions, which
increases the exchange coupling energy and affects the
induction heating [19, 42].

CoFe,0, MNPs were capable to produce sufficient
threshold heat rise expected for effective MFH for both
5and 10 mgmL~" MNP concentrations above 13.3 kAm™'
applied field (Figs. 4A, B). Here, MnFe,O, MNPs (5 and
10 mgmL™") are fail to produce sufficient heat rise up to
the 20 kAm™ field while at 26.7 kAm™' it showed suffi-
cient induction heating required for hyperthermia. How-
ever, ZnFe,0, MNPs are impotent to achieve temperature
rise for both the concentrations. This large discrepancy
in the heat generation from the similar mass of sample
suggests that the magneto-structural properties of the
MNPs are also of importance along with the field param-
eters [19, 43]. The synthesized MNPs should exhibit a
maximum heating temperature (AT,,,), to overcome
the loss in temperature rise due to blood circulation
and tissue perfusion, The T, is higher for 10 mgmL™"
than 5 mgmL™" concentrations for all samples (Fig. 5).
The CoFe,0, MNP exhibits a maximum temperature rise
of 25 and 35 °C for 5 and 10 mgmL™' concentrations. The
maximum temperature rise for MnFe,O, was found to
be 13 and 17 °C for 5 and 10 mgmL”; while in the case
of ZnFe,0, it is 11 and 13 °C. This result indicates that
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heat generation ability depends on various factors such
as crystallite size, structural factors such as anisotropy,
shape, particle size distribution, agglomeration, inter-
particle interaction as well as susceptibility/permeability
of the materials [4].

The heat loss generated by MNPs in the alternating
magnetic field is estimated from specific absorption rate
(SAR) values and was calculated from Eq. (1).

SAR:CX(Z;—I)X(%) (M

where C=specific heat capacity of suspension=4.186 J
(g °C)~", (dT/dt) =initial slope of temperature versus time
graph, m;=mass of suspension, and m_,=mass of the
magnetic material in suspension. These SAR values should
be as high as possible to minimize the amount of mag-
netic material used for hyperthermia. The SAR values of
the MFe,O, samples are calculated and plotted as a func-
tion of the applied field and particle concentration (Fig. 6).

As mentioned in our earlier report [29], the heating
abilities of the single-particle are attributed to the power
loss caused by hysteresis and relaxation losses for sin-
gle domain NPs. In superparamagnetic NPs, the power
loss is the root of only relaxations which are attributed
due to the Neel and Brown relaxations which are major
contributors to the SAR values. These losses in the AC
magnetic field can be expressed as [24],

H,

“Mmax

A= / UoM(H)dH )
H,

Hence, SAR becomes,
SAR = Af (3)

where, f is the frequency of magnetic field, M magnetiza-
tion, and H the applied magnetic field. Thus, SAR depend-
ence on the frequency and amplitude of magnetic field is
accountable in such studies as a human acceptable range
of frequency and amplitude is considered to be f< 1.2 MHz
and H< 15 kAm™, respectively. The tolerable value is
expressed in terms of C which is given by (f x H) expressed
in Am~' s7'. The values of C in our study are 3.5x10°,
5.34x10% and 7.12x 10° Am™" s~ for the current 200, 300,
and 400 A, respectively, used in the experiment. Thus, the
amplitude of the magnetic field and frequency require-
ments are fulfilled in present study. It is also observed that
an increment in the concentration of MNPs resulted in an
increased value of optimal AT while decreased SAR, which
suggests that increasing MNPs concentration to achieve
optimal temperature is not an option to obtain a high
value of SAR.
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Fig. 4 Temperature verses time curves using 5 mgmL™" (A) and
10 mgmL™" (B) of CoFe,0,; 5 mgmL™" (C) and 10 mgmL~" (D) of
MnFe,0,; and 5 mgmL™" (E) and 10 mgmL™" (F) of ZnFe,0, MNPs

To determine the applicability of SAR values obtained
at different experimental parameters like a magnetic
field, frequency, size, and concentration of MNPs, the
alternate favorable term [16, 24], intrinsic loss power (ILP,

0 200 400 600 800 1000 1200

Time (seconds)

at 13.3-26.7 kAm™' field amplitude (dotted line indicates the hyper-
thermia temperature region)

in nHmzkg‘1) (Eq. 4) measured in nano-Henrys m? per
kg is used as SAR varies linearly with the frequency and
quadratically with the amplitude of applied magnetic
field and expressed as,
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The frequency and the amplitude of magnetic field
used in the experiments are accountable to find out the
ILP values. The SAR value findings from our study were
further treated using Eq. (4) to obtain the ILP values (Fig. 7).
From the results, it indicates that the ILP values decrease
with the increase in the MNPs concentration as well as the
amplitude of the magnetic field. The maximum ILP value
for CoFe,0,, MnFe,0,, and ZnFe,0, was found to be at
5 mgmL™' concentration and 13.32 kAm™"' field ampli-
tude; while these values are, respectively, 0.67, 0.16, and
0.34 nHm?kg™". The study finally reveals that out of the
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obtained MNPs by the present complex decomposition
method, CoFe,0, and MnFe,0, show their applicability
for MFH applications; while ZnFe,O, is inefficient for this
application due to the low internal hyperfine field.

4 Conclusion

The complex decomposition method employed is found
to be efficient for the synthesis of superparamagnetic
NPs with the particle size below 10 nm.The M-H curves,
FTIR, Raman, and Mossbauer spectroscopy all played a
vital role in determining the magneto-structural proper-
ties from which the formation of phase pure cubic spinel
ferrite is confirmed. The MNPs were investigated in the
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induction heating studies. We conclude that CoFe,O,
and MnFe,O, have the potential for magnetic fluid
hyperthermia as they offer rich threshold temperatures
within the human tolerable range of frequency and
amplitude of the applied magnetic field. The maximum
ILP value for CoFe,0, and MnFe,0, was found to be 0.67
and 0.16 nHm?kg™", respectively. In contrast, ZnFe,0,
fails to obtain the required threshold temperature
under the same conditions, which may be ascribed due
to the low average internal hyperfine field (H). Hence,
the magneto-structural properties are directly allied to
the induction heating properties of MNPs which can be
manipulated by varying doping metal, size, and mor-
phology of MNPs along with the synthesis method to
make them potentially applicable for MFH. Further, more
in-vivo and in-vitro studies of MNPs are suggested in
order to ascertain the biocompatibility for applications
in cancer treatment.
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