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Fabrication of core-shell CoFe,O,@HAp nanoparticles: A novel
magnetic platform for biomedical applications
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34 Abstract

36 Core-shell CoFe,O4@HAp magnetic nanoparticles were successfully prepared by a simple
two-step hydrothermal process, and the physicochemical and magnetic properties have been
41 studied. X-ray diffraction patterns and Fourier transform infrared spectroscopy of the as-
43 synthesized samples reveal that the nanoparticles are composed of both the phases
45 (HAp@CoFe,0,). Core-shell formation was confirmed by TEM and from the magnetization
studies using a vibrating sample magnetometer (VSM), the ferromagnetic nature of the synthesized
50 core-shell nanoparticles at room temperature has been confirmed with a saturation magnetization
52 (Ms) and coercivity values of 9.04 emu/g and 0.1 T, respectively. It has been observed that heat

treatment enhanced the saturation magnetization when compared to the as-prepared samples. The
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reason for this enhanced magnetic property after heat treatment is discussed based on the magnetic
moment and anisotropy calculations. The potential cytocompatibility of the sample was confirmed
by fibroblast 3T3 cells.

Key words: cobalt ferrite, hydroxyapatite, encasing, magnetic nanorods, ferromagnetic.

1. Introduction

Ferrite based magnetic nanoparticles such as Fe;Oy, y-Fe,0;, NiFe,04, CoFe,04, ZnFe,0,
and MnFe,O, are being widely investigated for magnetic hyperthermia, magnetic drug delivery,
non-invasive magnetic resonance imaging, electromagnetic wave absorption, energy storage
applications etc [1-4]. Size dependence on the physicochemical properties of nanostructured
ferrites is an important factor that dictates design engineering for specific applications. Among the
various biomedical applications of magnetic nanoparticles, magnetic hyperthermia is an attractive
mode of cancer therapy that can destroy tumor and cancer cells locally and selectively on
application of an externally applied AC magnetic field using magnetic nanoparticle as the
thermoseed. However, factors like the amount of magnetic nanoparticle used for the treatment and
toxic effects of magnetic nanoparticles are some of the major concerns in the magnetic
hyperthermia [5,6].

Magnetite is a widely suggested hyperthermia agent due to good cytocompatibility and
superparamagnetic property. However, the challenge regarding magnetite is that it has poor
magnetic property and less heating ability at small sizes and under physiological conditions [7,8].
Furthermore, specific absorption rate is an important parameter that can be related to the hysteresis
loss of the magnetic nanoparticle. Several approaches have been suggested to improve the specific
loss power of magnetic nanoparticle such as tuning of magnetic anisotropy, use of higher saturation
magnetization materials [7,9], exchange-coupling via soft and hard magnetic phases [10], tailoring

the size and shape of the magnetic nanoparticles [11] etc. It is well documented in the literature
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that tailoring the shape of the magnetic nanoparticle from spherical to cubic [12], octapodes [6]

and rods [13] improve the specific absorption rate via magnetic anisotropy.

Recently, cobalt ferrite magnetic nanoparticles is getting a lot of attention as an alternative
to the well-known iron oxide owing to their excellent magnetic properties such as high
magnetocrystalline anisotropy, large Curie temperature, moderate saturation magnetization even
with small particle size. All these properties of cobalt ferrite helps to decrease the therapeutic
concentration of the magnetic nanoparticle. Moreover, these magnetic properties can be easily
tuned by tuning the size, shape and heat treatment at a suitable temperature [14,15]. Sumithra et
al suggested the, possibility and potential use of cobalt ferrite nanoparticles for biomedical
applications based on the reports over the past decades [8]. Robles et al reported the, core/shell

exchange-coupled magnetite/cobalt ferrite nanoparticles for magnetic hyperthermia [10].

Designing of magnetic nanoparticle for biomedical applications demands surface
modification to improve their effective biodistribution, hydrophilicity, colloidal stability and
biocompatibility. Both organic and inorganic materials are under investigation as surface coating
agents [2]. Among the inorganic materials studied, hydroxyapatite (HAp) is gaining much
attention for wide biomedical applications due to its inherent biocompatible nature and analogy to
the material component of bone and teeth of human being [5,16,17].

Previously we reported the coating of apatite over Fe;O, (FAp) and NiFe,O, (HAp) via a
two steps process [18-20]. In one of the approaches HAp matrix was doped with Fe and Ni ions
by wet precipitation followed by heat treatment for 2 h which yielded micron-sized NiFe,O4
embedded apatite with which hyperthermia temperature was achieved in less than 2 min. using 30
mg of the sample [19]. In a modified approach Fe and Ni ions doped HAp nanoparticles was

prepared via organic modifier mediated hydrothermal synthesis followed by rapid thermal
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processing. This yielded novel nanosized apatite coated NiFe,O,4, yet achieving hyperthermia
temperature with 10 mg/ml in 10% PEG solution even after 10 min magnetic field exposure was
a challenging task [20]. While, nanoscale biocompatible HAp matrix embedded magnetic
nanoparticle with essential factors such as high saturation magnetization and magnetic anisotropy

(coercivity) are required for attaining therapeutic temperature in a relatively shorter time.

Hence an attempt has been made to prepare core-shell structured CoFe,O4@HAp magnetic
nanoparticles as an accessible/promising candidate for magnetic hyperthermia. In this manuscript,
we describe a simple two-step process to fabricate HAp coated cobalt ferrite magnetic

nanoparticles with improved saturation magnetization achieved via heat treatment.

2. Experimental procedure
2.1. Chemicals

Analytical grade calcium nitrate tetrahydrate [Ca(NOs3),4H,0], diammonium hydrogen
phosphate [(NH4),HPOy], iron (III) nitrate nonahydrate [Fe(NOs);.9H,0], cobalt (II) nitrate
hexahydrate [Co(NOs),.6H,0], sodium hydroxide [NaOH] and ammonia solution [NH,OH] were
procured from Merck and used without any further purification. Double distilled water was
employed as the solvent.
2.2. Synthesis of core-shell magnetic nanoparticles

Step 1. 0.25 M of Co(NOs),.6H,0 and 0.5 M of Fe(NOs3);.9H,0 solutions were prepared
and mixed. 3 M of NaOH was added to the above mixture and stirred for 1 h at 80 °C. Dark black
precipitate (pH above 11) was obtained and transferred into Teflon lined autoclave reactor which
was then subjected to hydrothermal treatment at 120 °C for 2 h. Then the obtained precipitate was
washed several times with double distilled water, and the resultant product was dried at 100 °C for

4 h, and the sample was named as A.
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Step 2. 0.2 g of synthesized sample A was mixed in 0.1 M of Ca(NO;), 4H,0 solution. To
this 0.06 M of (NH4),HPO, solution was added dropwise, and then the mixture was subjected to
ultrasonication assisted mechanical stirring for 1 h while maintaining the pH above ten by adding
NH4OH solution. The obtained precipitate was transferred into a Teflon lined autoclave reactor
and subjected for hydrothermal treatment at 120 °C for 2 h. Then the precipitate was washed
several times with double distilled water followed by freeze-drying, and this sample was named
as B. Product B was held isothermally at 800 °C for 1 h (Muffle Furnace, NSW103) and then
cooled naturally to the room temperature. This heat treated sample was named as C. Similarly, for
comparison purpose sample A was also heat-treated at 800 °C for 1 h.

2.3. Characterization

The X-ray diffraction (XRD) patterns of synthesized samples were obtained using Rigaku
MiniFlex - II powder X-ray diffractometer in the 20 range 20-65 degree with CuKa radiation
(1.5406 A). The average crystallite size of cobalt ferrite was calculated from (311) plane of XRD

pattern using Scherrer's approximation [21]

K2
Dhki = Feose (1)

Where, Dy is the average crystallite size, A is the wavelength of the CuKa radiation, K is
broadening constant (K = 0.9), f is the full width at half maximum (in radian) and @ is the
diffraction angle (degree) [19]. The X-ray density of cobalt ferrite was calculated using the

following equation,

8M
Px = N (2)

where, M, N4 and a are the molecular weight (in g/mol), Avogadro’s number (6.022 X 10?3 mol-

1 and lattice constant respectively [22].
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The functional groups present in the samples were analyzed using a Perkin Elmer RXI
Fourier transform infrared (FTIR) spectrometer in the region of 4000-400 cm™! with a 4 cm’!
resolution by KBr pellet technique. The morphology and elemental mapping of the samples was
examined using high-resolution transmission electron microscopy (HR-TEM), JEOL JEM-2100,
Japan and Phillips Tecnai TEM. The magnetic properties of the samples were determined by
Physical Property Measurement System (PPMS EverCool-2, Quantum Design, Inc.) using
vibrating sample magnetometer (VSM) option. Hysteresis loops (M-H) were measured in the field
range -9 to +9 T at 300 K. Coercivity (H.) and saturation magnetization (M) were estimated from

the M-H curves. The magnetic moment (m) per formula unit (in ug) of the samples were calculated

using the relation

Mg x My
= 5585 3)

where, My, is molecular weight of cobalt ferrite (in g/mol), Mg is saturation magnetization
magnetization of cobalt ferrite (in emu/g) and 5585 is the magnetic factor [23].

The first order cubic magnetocrystalline anisotropy constant (K;) of the samples was
estimated using the law of approach to saturation (LAS) in the high field region; the law designates
the dependence of magnetization (M) on the applied field (H) for H >> H¢. According to the law

of approach to saturation, the magnetization as a function of the applied magnetic field is

b
M= Ms(1— 2)+H @)
8 K?
= 105 usM? ()

105 xb
Ki= poMs |—5— (6)
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where, b is correlated with magnetocrystalline anisotropy constant (K;), M, Mg and H the
magnetization, saturation magnetization and applied magnetic field (in A/m) respectively. g is the
permeability of free space (1.257 X 10 mKg SA-?). The numerical constant 8/105 is the cubic
anisotropy of random oriented polycrystalline materials [24]; K; is the cubic magnetocrystalline
anisotropy constant (J/m3); kH is forced magnetization term and x is the high temperature
susceptibility with high field. Generally forced magnetization term is zero at room temperature
(300 K) [24-28]. Hence Mg and b are the fitting parameters in Equation 4.

Cytocompatibility assay

The cytotoxicity of the sample C was tested with fibroblast 3T3 cells using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium) assay. The cells were
cultured with 10 % fetal bovine serum (FBS) and antibiotics (100 pg/ml penciline and 100 U/ml
streptomicine) at 37 °C under humidified atmosphere of 5 % CO; and 95 % air. The cultured cells
were seeded at density of 10 cells per ml in 96 well plate followed by incubation for 24 h followed
by sample C was added to the culture medium at different concentrations (50, 100, 200, 300, 400
and 500 pg/ml) and then incubated for further 24 h at 37 °C in 5 % CO2 and 95 % air and 100 %
relative humidity. After an incubation time of 24 h, 15 pl of MTT reagent (5 mg/ml) in phosphate
buffered saline was added to each well and further incubated at 37 °C for 4 hrs. After, MTT
supernatants was discarded, the dark formazan crystals were dissolved in 100 pl of dimethyl
sulfoxide and measure optical density (OD) using microplate reader. The percent (%) of cell

viability was calculated using Eqn. 7.

ODSampleC

Cell viability (%) = ( ) X100 . )

ODCantrol
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Where, ODsampie ¢ 1s the optical density of cells cultured with sample C and 0D ¢on¢ro; 18 Optical

density of cells without sample.

3. Results and Discussion
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Fig. 1. X RD patterns of synthesized samples before and after heat treatment along with

the JCPDS data of CoFe,O4 and HAP. The y-axis is appropriately scaled for
comparison purpose.

The XRD patterns of the synthesized samples are shown in Fig. 1. It is obvious that the
XRD pattern of sample A matches with the standard JCPDS card for cobalt ferrite (22-1086) with
a cubic unit cell structure [29] . The broad diffraction peaks suggest the existence of nanosized
crystals and the less crystalline nature of the sample. Heat treatment significantly improved the
crystallization of sample A as can be observed from the XRD pattern. The calculated lattice
constant, unit cell volume, X-ray density and crystallite size of the cobalt ferrite are given in Table

1. The XRD pattern of sample B did not reveal any resolved intense diffraction peaks of both HAp
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and cobalt ferrite phases. Heat treatment of B resulted in resolved intense peaks of both the phases
(HAP-JCPDS card No. 09-0432 [16] and CoFe,0,) revealing the enhancement in crystallinity as
seen in sample C.

Phase pure HAp is known to be thermally stable up to 1400 °C [30]. But, preparation
condition, ionic substitution efc can affect the thermal stability of HAp nanoparticles leading to
phase transition. In the present study after heat treatment, sample B did not show the presence of
any other calcium phosphate phases. Ultrasonic irradiation and freeze drying adopted for the

synthesis of the sample might have enhanced the thermal stability of the HAp nanoparticles [31].

Table 1. Lattice constant, unit cell volume, x-ray density and crystallite size of the cobalt
ferrite deduced from XRD

Samble code Lattice Unit cell volume X-ray density Crystallite
P constant (A) (A)3 (g/cm3) size (nm)
A 8.347 581.5 5.357 31.6
A (after heat 8.424 597.7 5.151 40
treatment)

The FTIR spectra of samples are shown in Fig. 2. The FTIR spectrum of sample A shows
strong broadband at 598 cm! which is due to the intrinsic Co-O stretching vibration which
indicates the existence of spinel ferrite. The peaks around 950 and 1155 cm! are attributed to the
Fe-Co alloy system [32,33]. The band at 1384 cm™! is ascribed to the symmetric vibration of NO;~
group. The O-H stretching vibrations are observed at 3410 and 2922 cm™!, the absorption band
present at 1625 cm™!is due to bending of the absorbed water molecules [34,35]. The FTIR spectra
of sample B have characteristic PO, (v4) vibrations of HAp at 566 and 603 cm™! along with other
phosphate peaks at 473 (v;), 963 (v;) and 1037 (v3) cm™!. The bands at 3573 and 632 cm! are the

characteristic O-H stretching vibrations of HAp. The stretching and bending modes of adsorbed
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water molecules are observed at 3423 and 1639 cm’!, respectively. The peaks around 873, 1423
and 1456 cm! correspond to the CO;?~ ions which might have got incorporated in to the sample
due to the reactive absorption of atmospheric carbon dioxide by the sample during the sample
preparation [16,36]. The CoFe,O,4 peaks could not be distinguished since the characteristic Co-O
band at 598 cm™! overlapped with the phosphate peaks of HAp. The peaks due to adsorbed water

and carbonate molecules disappeared in sample C because of heat treatment.

C

Transmittance (arb. unit)

4000 3500 3000 2500 2000 1500 1000 S00

Wavenumber (cm™ 1)

Fig. 2. FTIR spectra of synthesized samples A) as prepared cobalt ferrite, B) as prepared
coated sample and C) heat treated coated sample.

The TEM image of sample A shown in Fig. 3 (a) reveals nanoparticles with dual
morphologies like spherical (red-arrow) and rhombohedral (green-arrow). Hydrothermal method
is a novel technique to produce nanoparticles with controlled size and shape by governing the
reaction parameters such as reaction time, reaction temperature, choice of solvent and
stoichiometry of the reactants [37]. Fig. S1 (a and b) shows the HR-TEM image and their

10
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corresponding line profile map. The peak to peak average distance measured using the relation

average distance/number of cycles [38], yield the value of 0.51 nm which is close to the d-spacing

oNOYTULT D WN =

of (111) plane of the ferrite phase. Fig. S2 shows the selected area electron diffraction (SAED)
10 pattern of sample A which exhibits bright spots arranged in rings indicating the polycrystalline
nature which agreed well with XRD patterns and their corresponding crystallographic planes are
15 indexed. Fig. 3 (b) and 3 (c) show the particle size distributions (PSD) of spherical and
17 rhombohedron nanoparticles using the image analysis program Image] and the obtained
histograms were fitted well with the Gaussian distribution. The average particle size of the
22 spherical (diameter) and rhombohedral (width) nanoparticles was found to be 4.2 + 1.3 and 27.5 +

24 13.6 nm respectively.

25+

Spherical particles

20+

Number of particles (counts)

Particle size (nm)

Rhombohedron
particles

C

30k

& B

Number of particles (counts)
=3

10 20 30 40 50

Particle size (nm)

52 Fig. 3. (a) TEM images, and (b & c) particle size distribution of as prepared
CoFe,04 nanoparticles.
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Fig. 4 (a) shows the TEM image of sample A (CoFe,0,) after heat treatment, which reveals
round edged nearly rectangular shaped morphology. Before heat treatment of sample A, bimodal
distribution of spherical and rhombohedral particles were observed which on heat treatment at
800 °C transformed into nearly homogeneous particles. Fig 4 (b) shows the PSD along with
Gaussian distribution of heat treated sample A and the average particle size was found to be 37.5
+ 13.69 nm. Fig. S3 (a and b) shows the HRTEM image and line profile map of heat treated

sample. The peak to peak average distance is 0.52 nm which closely matches with the (111) plane

for cobalt ferrite.

b

Heat treated
cobalt ferrite

Number of part.icles‘ ((founts)

20 30 40 50 60
Particl size (nm)

Fig. 4. (a) TEM image and (b) size distribution of the heat treated cobalt ferrite.

Fig. 5 (a) and 5 (b) show the morphology of sample B, as it can be observed from the image
cobalt ferrite is found to be encased within HAp nanorods. The inset at the top right corner shows
the magnified image revealing both the phases. However magnetic phase encasing within the
nanorods is very random. Fig. S4 shows SAED pattern of sample B which exhibits bright spots

arranged in rings indicating the polycrystalline nature of the sample which agreed well with XRD

12
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patterns and crystallographic planes that corresponds to cobalt ferrite and HAp are indexed. PSD

of sample B obtained using image analysis program ImageJ is shown in Fig. 5 (c) along with

oNOYTULT D WN =

Gaussian distribution. Meanwhile, there are some particles which do not contain magnetic phase.

- O
o

Fig S5 (a and b) shows the STEM image and elemental mapping of sample B.
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Fig. 5. (a and b) TEM images and (c) PSD of sample B.
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energy induced grain growth yielded dark inner cobalt ferrite core surrounded by nearly spherical
like hydroxyapatite shell. Fig 6 (b) shows the thickness distribution of the shell over the core along
with fitted Gaussian distribution curve. The average thickness of the shell was found to be 10 +
4.89 nm. The magnetic core-shell CoFe,O4@HAp particles can be separated magnetically, from
Fig. 6 (c) we can see most of the particles are found to get attracted to the magnet (yellow arrow)
and the remaining particles are settled down (green arrow). Fig. S6 (a) and (b) shows the STEM

and elemental mapping of the sample C.

Thickness of the shell (nm)
T
C

Fig. 6. (a) TEM image core-shell structured HAp@CoFe,0,, (b) shell thickness distribution
of HAp and (¢) magnetic separation of sample C.

14
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Coppola et al., has reported the hydrothermal synthesis of Zn substituted cobalt ferrite
nanoparticles having both spherical and octahedral/cubic structure [39]. Increase in particle size
and transformation from spherical to cubic with increasing reaction time has been reported in the
synthesis of nickel ferrite [40]. Formation of particles with diverse morphology and
inhomogeneous size by the hydrothermal method may be due to incomplete particle growth.
During the hydrothermal reaction formation of small spherical nanoparticles may take place
initially and then grow into rhombohedral nanoparticle. Generally, cubic spinel structure should
form crystals with cubic habits and/or habits reflecting growth along preferential axis. In the
present work small sized spherical nanoparticles and relatively larger sized rhombohedral habits
have been observed. Small nanoparticles tend to form a spherical shape because surface tension
drives the nanoparticle growth towards spherical shape which corresponds to smallest surface area.
In the case of larger particles faster growth along the preferred directions <110> from <100> tend
to form rhombohedral particles [29,39]. Fig 7 (a) shows the schematic of the possible growth
mechanism of cobalt ferrite nanoparticle with two different morphologies.

Fig 7 (b) shows the schematic of heat treated (at 800 °C for 1 hour) cobalt ferrite
nanoparticles. The particles showed round edged rectangular shaped morphology along with grain
growth. Because, during the heat treatment thermal energy drives the nanoparticle growth which
yield homogeneity in PSD. Fig. 7 (¢) shows the schematic of as formed HAp encased cobalt ferrite
magnetic nanorods and formation of core-shell structure after heat treatment. HAp belongs to the
hexagonal crystal system, during the synthesis HAp nanoparticles try to form a hexagonal crystal
habit which reflects preferential growth along c-axis. This may be the reason for formation of rod
like HAp@CoFe,0, in the as prepared sample B. After heat treatment of sample B yielded core-

shell structured magnetic particles.

16
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30 Fig. 8. M-H plots of the sample A (as prepared cobalt ferrite), B (as prepared coated

32 sample) and C (heat treated coated sample) measured at 7 =300 K.

Fig 8 shows the magnetization plots of the samples at room temperature (300 K), measured
37 in the field range from -9 to +9 T. From the shape of the curves it is evident all the samples are
39 ferromagnetic in nature at room temperature. Samples A, B, and C exhibited saturation
41 magnetization (Ms) of 25, 3.77 and 9.04 emu/g with a coercivity of 0.26, 0.45 and 0.1 T,
44 respectively. Since the magnetization values are evaluated using total weight of the sample
46 (CoFe,O4 + HAp), it is considerably lower compared to pure CoFe,04. The Mg of the sample A is
less compared to that of the bulk cobalt ferrite (80 emu/g) [41]. This may be due to the
51 inhomogeneity in particle size distribution that varies from 4.2 + 1.3 nm (spherical) to 27.5 £ 13.6
53 nm (rombohedron) [Fig. 3 (a - c)], degree of cation inversion, size effect, surface effect,

crystallinity and interparticle interaction are responsible for saturation magnetization of the

58 17
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nanosized spinel ferrites. In nano regime, ferrite particles showed broken symmetry and exchange
bonds in its surface that caused the reduction of saturation magnetization when compared to bulk
[41]. While after heat treatment, sample A exhibited a saturation value Ms of 77.5 emu/g with
coercivity 0.116 T and the corresponding M-H curve is shown in Fig. 9. After heat treatment, Ms
of sample A enhanced significantly and is close to that of the bulk cobalt ferrite (80 emu/g) which

may be due to the increased crystallite size and nearly homogeneous PSD.

Bare CoFe,04 (sample A) nanoparticles exhibited high saturation magnetization when
compared to coated samples. The diamagnetic behavior of the coating (HAp) has profoundly
affected the saturation magnetization of CoFe,O4. When compared to as prepared HAp coated
CoFe,04 (sample B), the heat treated sample (C) showed higher saturation magnetization and
reduced coercivity due to the improved crystallinity of CoFe,O, phase which is in agreement with
the published XRD results [42]. Table 2 shows the comparison of saturation magnetization of the
present study and previously reported values.

The magnetic moment of inverse spinel structured material such as cobalt ferrite [(Fe3")*
(Co?*, Fe3")B] depends on its cation distributions over the two sublattices (A-site and B-site).
Generally, the coupling between A and B-site moments are anti-parallel, hence the magnetic
moment of Fe3* cancel out. The overall magnetic moment of cobalt ferrite unit cell depends on the
Co?" cation and the magnetic moment of Co**is 3.87 up per formula unit [27,43]. The calculated
value of the magnetic moment of the samples A, B and C using equation 3 is 1.05 ug, 0.15 up and
0.37 up respectively, which is much less than the expected value (3.87 up). Various factors such
as distribution of cations, disorders in grains and grain size in the as prepared sample may be the

reason for this [43]. After heat treatment, the magnetic moment of A is 3.2 up which is close to
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the expected value. The enhancement in the magnetic moment of the coated sample is also obvious

from the values given in Table 3.
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Fig. 10. LAS fit (see text for details) of synthesized samples A, B and C. Here the first
quadrant of the magnetization (7 = 300 K) is plotted against magnetic field and the unit for
the magnetic field is A/m.

The first order cubic magnetocrystalline anisotropy constant (K;) of the synthesized
samples was estimated using the law of approach to saturation (LAS) in the high field region using
Eqn. 6. In order to fit our magnetization data to LAS expression, we have plotted the first quadrant
of the magnetization versus magnetic field and the unit for the applied magnetic field is in A/m.
Fig. 10 shows fitting of LAS equation for the synthesized samples A, B & C and the values of K;
are 0.381 x 10°J/m3, 0.061 x 10° J/m?and 0.076 X 10° J/m?3 respectively. When compared to
sample B, the magnetic anisotropy increased after heat treatment as seen in sample C. Magnetic
anisotropy of the heat treated sample A is 0.501 x 10° J/m3, which is quite high when compared
to sample A and the corresponding fitted curves is shown in the right inset of Fig. 9.

Cobalt ferrite is an inverse spinel structured material, which contains half of the Fe3* cation
in the tetrahedral A-site and remaining Fe3* cations plus Co?' cations in the octahedral B-site.
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Generally, the magnetic properties such as saturation magnetization, coercivity, magnetic moment
(m) and anisotropy constant (K) of the spinel structured materials depends on the distribution of
cations in the A-site and B-site [27,44]. The distribution of cations in the A and B site may not be
proper in the as prepared state. Heat treatment at appropriate temperature may redistribute the
cations, leading to more Co?* cations in A-site and more Fe3" cation in B-site. If the spinel material
is partially inverse (i.e., initially some Co?" in A-site), then during heat treatment, the Co?" cations
would migrate towards the B-site resulting in the change in magnetic properties of cobalt ferrite
[27,45].

Hence, the observed increase in saturation magnetization, magnetic moment and a decrease
of coercivity of the heat treated samples can prima facie be attributed to the growth of crystallite
and/or grain size and redistribution of cations in the spinel lattice of cobalt ferrite due to the heat
treatment process. Similar kind of observation has been reported by Yadav et al. [46], where they
observed increase in crystallite size and saturation magnetization up on heat treatment..
Furthermore, with the help of X-ray photoelectron spectroscopy the migration of Fe3* ions from
tetrahedral to octahedral site was also confirmed by them in addition to grain growth [46]. The
strong magnetic anisotropy of cobalt ferrite is observed when Co?" ion is in the B-site (inverse
structured cobalt ferrite) [27]. Hence, increase of magnetic anisotropy in sample C and heat treated
sample A represent, sample A has partial inverse structure initially, during the heat treatment A-
site cobalt ions move towards the B-site, and this leads to increase the level of anisotropy, and it
confirms the redistribution of cations over the spinel lattice.

Magnetic anisotropy is an intrinsic property of any magnetic material. The heat generating
efficiency of the magnetic nanoparticle for magnetic hyperthermia depends on the magnetic

anisotropy, saturation magnetization, particle size and distribution. Khurshid et al. [47], reported
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the magnetic heating efficiency of the magnetic nanoparticles not only depends on its saturation
magnetization but also depends on the magnetic anisotropy. Tuning the magnetic anisotropy and
saturation magnetization in magnetic nanoparticle leads to an increase in the specific absorption
rate (SAR), which helps to decrease the therapeutic concentration of the magnetic nanoparticles
and attain a therapeutic temperature at a relatively shorter time [47,48]. Table 3 shows the
calculated magnetic parameters of the synthesized samples.

In addition, the magnetic particle size (magnetic domain size) was calculated using the

relation [49-51]:

1
18 kBT Xi 3
dysm = mms |3 MHy

(8)

where kg is the Boltzmann constant (in erg/K), mg is the saturation magnetization of the
bulk phase of cobalt ferrite which is 400 emu/cm? [49], M is the saturation magnetization of the

magnetic particles which is calculated by taking into account the density of cobalt ferrite for
sample A and for the heat treatment as 5.357 g/cm? and 5.151 g/cm?, respectively. The saturation
moment for the sample A amounts to 25.06 emu/g in a field of 9 T and hence the saturation

magnetization M is thus estimated as 134.246 emu/cm?, while that of the heat treated sample A is
estimated as 399.202 emu/cm?. ; is the initial susceptibility, obtained from the slope of the low
field magnetization data, where the initial linear response was observed. Hj is obtained from the
high field magnetization data. In order to obtain Hy, we plotted M vs. 1/H, and extrapolated the

high field magnetization data where it cuts the x-axis, namely here the (1/H) axis which yields the

H, value. The H value thus obtained for sample A and the heat treated sample is (1/3.091x10-

Oe) and (1/3.363x10 Oe), respectively. Using these values we obtained the magnetic particle

size dygy as 1.86 nm for sample A and 2.044 nm for heat treated sample. Size of the small
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spherical particles in sample A corresponds to calculated size. Hence, the small spherical particles

may be within the single domain superparamagnetic regime. After heat treatment the domain size

is increased slightly when compared to as prepared sample A. The heat treatment has essentially

increased the magnetic particle size. This is also evident from the relatively larger value of

magnetization when compared to as prepared sample A.

Table 2. Comparison of saturation magnetization of present study with reported value.

Materials Saturation magnetization Reference
(emu/g)
Composite of NiFe,O4 along [19]
with HAp and B-TCP 1.15
Fe;04-hydroxyapatite 7.34 [52]
Nanocomposites
Co-ferrite — HAp ~5.20 [53]
CoFe204/HAP-modified wood [54]
composites 1.84
Hydroxyapatite encapsulated [55]
nano CoFe,O4 7.8
Co Fe,O4-hydroxyapatite ~8 [56]
nanocomposites
Hydroxyapatite coated CoFe,O4 9.04 Present study

Table 3. Magnetic properties such as saturation magnetization, anisotropy constant and
magnetic moment of the synthesized bare and coated nanoparticles at room temperature.

Samples Saturation First order Magnetic
Code Magnetization magnetocrystalline moment per
obtained from M-H anisotropy constant  formula unit in
curve (emu/g) (K; 10° J/m?) Up
A 25.06 0.381 1.05
B 3.87 0.061 0.15
C 9.04 0.076 0.37
A
(after heat 77.5 0.501 3.2
treatment)
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Fig. 11 shows the cell viability vs different dosage for the sample C with dosages - 50,
100, 200, 300 400 and 500 pg/ml. It is observed that even when incubated at high concentration
(500 pg/ml) for 24 h, more than 76% of cells survived, which indicates the low cytotoxicity of the
sample. Cell viability around 100% for concentration upto 400 pg/ml and survival of cells
decreased to 76 % at high concentration (500 pg/ml). According to the biological evaluation of
medical devices-part 5: tests for in vitro cytotoxicity (ISO 10993-5: 2009), if viability of the

material is less than 70 % then it has a cytotoxic potential [57].

0 200

300 400 500
Concentration (pg/ml)

120

100

80

60

Cell viability (%)

40

20

0 10

Fig. 11. Cytocompatibility of sample C with fibroblast 3T3 cells

4. Conclusions
Core-shell CoFe,O4@HAp magnetic nanoparticles were prepared by a simple two-step
process using hydrothermal method. The morphology analyses using TEM observation clearly

shows the encasing of CoFe,O,4 within a rod-like hydroxyapatite and on heat treatment the a core-
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1

2

z shell nanostructure of CoFe,O,@HAp. All the synthesized samples exhibited ferromagnetic nature
5

6 at room temperature. The saturation magnetization of heat treated samples got enhanced compared
7

8 to the as coated sample due to the migration of cations in the spinel lattice and has been discussed
9

1(1) based on the magnetic moment and magnetic anisotropy calculations. The MTT assay confirmed
:g more than 76% cells survived even at high concentration (500 pg/ml) of core-shell magnetic
14

15 particles which exhibits potential cytocompatibility of the sample.
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