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The CoFe2O4-BaTiO3 core-shell (CFO@BTO) nanocomposites have been synthesized, and a particular volume fraction of 15% CoFe2O4–85% BaTiO3 has been studied for its magnetic, ferroelectric,
and magnetoelectric properties. The optimization of synthesis conditions showed that a temperature
of at least 800  C is required to obtain pure phase BaTiO3, whereas for the tetragonality to be visible
in the x-ray diffraction (XRD) pattern, BaTiO3 needed to be sintered to at least 1050  C. Even though
the CFO@BTO composite began to react at the interface at 1050  C and a small amount of the secondary phase was observed in the XRD pattern, the ferroelectric and magnetic properties were found
to be not affected. Upon treating the living epithelial cells with either CFO@BTO or BTO nanoparticles, no toxicity was observed for up to 7 days. Together, these results establish the potential for the
use of CFO@BTO nanoparticles in biomedical applications. Published by AIP Publishing.
https://doi.org/10.1063/1.4993831
I. INTRODUCTION

Magnetoelectric (ME) materials are those that exhibit
mutual coupling between their magnetic and electronic properties. The composites consisting of mechanically coupled
ferroelectric and ferromagnetic phases are very attractive for
applications involving conversion of magnetic to electric
energy or vice-versa. Currently, only particulate and laminar
composites of magnetoelectric materials have been considered for applications requiring integrated magnetic/electric
devices, such as magnetic-field sensors, miniature antennas,
high density data storage, spintronics, energy harvesters, and
micro-electromechanical systems.1–3 A good mechanical
coupling is required between the ferromagnetic and the ferroelectric phase of the composite, and hence the connectivity
between the constituent phases becomes an important factor
in deciding the resultant magnetoelectric coefficient. There
are many standard connectivity schemes established for
composites, and depending on the application requirements,
a suitable scheme is preferred.4
The core-shell particulate magnetoelectric composites
can be very interesting, where each magnetic particle is surrounded by the piezoelectric phase from all sides, and hence
provides better connectivity.1 However, the general method
of manufacturing such composites is to just mix the matrix
and the particle thoroughly,5–7 which does not ensure homogeneous dispersion of the magnetic particles. Since the particles are also prone to agglomeration by magnetic attraction,
it becomes difficult to ensure that each particle is isolated
from each other by the piezoelectric matrix. Another problem with these composites is that since magnetic materials
are generally conductive in nature, when they are not well
isolated by the piezoelectric phase, the sample exhibits poor
resistance and leads to the loss of the magnetoelectric voltage. In order to overcome these problems, a combination of
wet-chemical techniques was introduced by some groups,
0021-8979/2017/122(16)/164102/8/$30.00

where the magnetic nanoparticles are mixed into the precursor solution of the piezoelectric material, and then the piezoelectric phase is allowed to form a shell on the magnetic
particles.8–10 This technique of synthesizing the core-shell
nano-composites ensures that the maximum number of the
magnetic particles are individually covered by the piezoelectric phase, and will effectively transfer the strain to the ferroelectric shell. In addition, the nanosize of the particles
provides advantages such as efficient transfer of magnetostrictive stresses due to the small thickness of the piezoelectric shell, and the absence of the substrate clamping effects,
which are common in laminated or thin film structures.1
Duong et al. found that compared to simply mixing the two
phases, the magnetoelectric coefficients of the core-shell
composites were about 8 to 18 times higher.9,11 Many
research groups have successfully prepared the core-shell
structured magnetoelectric nanocomposites, giving details of
the optimum synthesis conditions, as well as the resultant
magnetoelectric coupling coefficients.12–24 Another advantage of the core-shell nanocomposites is that each particle
possesses the multifunctionality, and hence are ideal for biomedical applications.
Recently, some research groups have described the
potential of such core-shell magnetoelectric particles in biomedical applications involving stimulation of the cell functions.1,25,26 Individual core-shell type magneto-electricnanocomposites can be used to manipulate the biological
systems, where they can generate localized electric fields in
the vicinity of the cells, to control the ion channel gating.1
The ion channel gating mechanism enables the cells to
switch between the conducting and non-conducting states,
and hence are prominent components of the nervous system.
Another potential application considers the fact that, signals
generated by these nanocomposites can be tuned to have
similar characteristics to those propagating in the neural
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cells, and hence can be used to manipulate these signals.1 So
these nanocomposites can be used to study the effect on neurodegenerative diseases such as Parkinson’s and Alzheimer’s.
Magnetoelectric nanoparticles can also be functionalized
accordingly, to offer a unique capability of field-triggered
release at the desired location in the body, and enable the
remote controlled delivery without exploiting heat.25,26 The
drugs can be carried into the specified location with the help of
external magnets, while the electric charges produced can
either strengthen or weaken the bond of the attached drug
depending on its sign, thereby providing a convenient way to
release the drugs at the targeted location. Rodzinski et al. have
successfully demonstrated the controlled release of drugs
attached to the magnetoelectric nanoparticles, which was
highly effective in completely curing cancer in mouse.26
Since it is a relatively new target application, most of
the literature on the synthesis of the core-shell magnetoelectric composites have not focused on the optimization for biomedical applications. For such applications, we need the
core-shell composites in the form of nano-particles, wherein
each particle has its magnetic core completely covered by a
ferroelectric shell. Although the synthesis conditions can be
tuned so as to ensure that the maximum number of particles
have the core-shell structure, the particles need to be compacted and sintered in order to obtain their magnetoelectric
coupling coefficients. The required sintering temperature is
often very high and can lead to a reaction between the core
and the shell, forming secondary phases at the interface and
hence weaken the magnetoelectric coupling. Also, the coupling characteristics obtained from the bulk composite may
not reveal the true nature of the individual nanocomposites.
Experimentally, it is very difficult to determine the magnetoelectric coupling of such individual particles, and the
unavoidable size distribution in the particles leads to a range
in the magnetoelectric voltage. Since the cells are usually
very sensitive to the magnitude of the voltage applied to their
membranes, their functions can be adversely affected even
with a slight difference in the required target voltage. We
can only estimate the coupling property of the nanoparticles
through indirect methods such as theoretical modelling and
extrapolating from bulk data. Though it is technically possible to carry out the measurements on the individual particles
using the surface probe techniques such as AFM, a high precision calibration is required to accurately obtain the minute
voltage, which is possible only in a few advance labs. An
easier approach would be to directly inject the nanoparticles
into the cells and observe them under different magnetic
loads, and indirectly assess the tolerable levels of magnetoelectric voltage.
The fabrication of these core-shell nanoparticles can be
successfully carried out using wet chemical routes.27 Wet
chemical synthesis techniques involve several variable parameters, which can be tuned, to obtain nanoparticles of desired
shapes and sizes. Some of the important synthesis routes are
co-precipitation, thermal decomposition, hydro/solvo thermal
synthesis, sol-gel process, microemulsion, etc. In order to
explore the feasibility of the magnetoelectric nanocomposites
for biomedical application, we began by synthesizing the coreshell magneto-electric nano-composites of CoFe2O4 (CFO)
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core and BaTiO3 (BTO) shells. A brief literature survey on
various magnetic and ferroelectric ceramics indicated that
CFO and BTO would be the suitable materials for our current
study.13,28 Both CFO and BTO can be easily synthesized, and
have superior piezomagnetic and piezoelectric properties,
respectively.2 Since CFO and BTO are commercially important compounds, an extensive research on their synthesis has
resulted in a variety of successful methods to prepare
them.29–31 Among the various techniques available, coprecipitation is relatively simple, fast, requires cheap chemicals, and provides good yield. Also, once the synthesis parameters are optimized, the results are easily reproducible. Hence,
the core CFO nanoparticles were prepared by co-precipitation
technique. These nanoparticles were then coated with BTO,
which was prepared by the sol-gel technique. The sol-gel
method is chosen because the formation of BTO can be controlled step-by-step, and hence sufficient time is available to
ensure uniform coating of BTO on all the CFO nanoparticles.
The structural, magnetic, and electric characterization of this
composite showed promising results and the CHO cells
exposed to these nanocomposites did not show any signs of
toxicity. These nanocomposites are thus ideal to study the
effects and tolerable magnitudes of the magnetoelectric voltage
on the cells.
II. EXPERIMENTAL
A. Synthesis of CoFe2O4 by co-precipitation

The co-precipitation is a convenient way to synthesize
the magnetic ferrites from the aqueous salt solutions, by the
addition of a base at room temperature or elevated temperature. The size, shape, and composition of the magnetic nanoparticles depend on the type of salts used, the Co2þ/Fe3þ
ratio, the reaction temperature, the pH value and the ionic
strength of the media.29 With this technique, once the synthesis conditions are fixed, the quality of the cobalt ferrite
nanoparticles is easily reproducible. The challenge lies in the
control of the particle size and the narrow particle size
distribution.
For the preparation of CoFe2O4 nanoparticles, cobalt
(II) chloride hexahydrate (CoCl26H2O, Merck 99% purity),
ferric chloride hexahydrate (FeCl36H2O, Sigma Aldrich
99% purity), and NaOH were used. Initially, cobalt chloride
and ferric chloride with molar proportion of 1:2, respectively, were dissolved in deionized water under constant stirring for 30 min. Then NaOH was slowly added into the
above solution under constant stirring at a temperature of
60  C for 30 min, and the final pH was fixed to around
11–12. This precipitated black colored CoFe2O4 nanoparticles was washed repeatedly with deionized water. The precipitate was then dried at 60  C for 6 h for further
characterizations. The XRD analysis showed the average
size of the CFO particles to be about 25 nm.
B. Synthesis of BaTiO3 by sol-gel technique

Pure BaTiO3 was prepared by an aqueous sol-gel process described by Wang et al.30 Ba-acetate (Sigma Aldrich
99% purity) and titanium iso-propoxide (Sigma Aldrich,
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>97% purity) were used as precursors. The titanium isopropoxide was dissolved in isopropyl alcohol at room temperature and then mixed with glacial acetic acid to form
titanyl acylate complex. Acetyl acetone was added as a chelating agent to stabilize the Ti-sol. Barium acetate was separately dissolved in aqueous acetic acid. The Titanyl solution
was then slowly added to the Ba-acetate solution, and the pH
was maintained at 3–4 using additional acetic acid. The solution was stirred for about 1 h until a transparent sol was
obtained. The gel was formed by ageing at 90  C for 2 h. The
gel was later dried at 120  C for 12 h, calcined at 700  C for
2 h to burn all the organic materials, and then recalcined at
800  C to ensure all the BaCO3 reacted to form BaTiO3.
C. Preparation of CFO@BTO

Most of the studies on CFO@BTO in literature were
carried out using a molar ratio of 1:1 between the two
phases. Under ideal conditions, this would lead to the formation of very thin and fragile shells of BTO, since it takes
larger volume to fully cover each of the CFO nanoparticles.
In order to ensure complete coating of BTO around CFO, the
volume fraction of BTO needs to be larger than that of CFO.
A simple calculation was performed to calculate the volume
fraction of BTO needed to coat a spherical CFO particle of
radius “R,” with BTO shell thickness equal to “r.” The volume of CFO particle would be 43 pR3 , while the volume of
h
i
the BTO shell would be 43 ðR þ rÞ3  43 pR3 . If we consider
the shell thickness to be equal to the radius of the core, then
R ¼ r, and hence the volume of the BTO shell would be
7  43 pR3 . The corresponding volume fraction of BTO
required is 87.5%. Based on this analysis, we have taken the
volume fraction of BTO to be 87.5% to ensure good coating
of the shell. The corresponding weight fraction of BTO taken
would then be about 88.8%.
An appropriate amount of the magnetic CFO nanopowders prepared by co-precipitation were taken and dispersed
in deionized water, and the suspension was mixed thoroughly in the sol of BaTiO3. This suspension was constantly
stirred and vigorously sonicated at 60  C until gel formation.
Once, the gel is formed, the CFO nanoparticles get trapped
in it and cannot agglomerate. This gel was then dried at
120  C for 12 h, calcined at 700  C for 2 h, and then recalcined at 800  C for 2 h to obtain the nanocomposite. During
calcination, the BTO nanoparticles will grow around the dispersed CFO nanoparticles, and hence we obtain the coreshell morphology. In addition, any high temperature treatment leads to agglomeration, and after the calcination, a
weak agglomeration could be visually observed. However,
the bonding between the agglomerated particles after calcination is very weak since it is at a relatively lower temperature compared to sintering temperatures. Light grinding is
sufficient to separate the agglomerated nanoparticles, and it
was done very slowly to ensure minimum damage to the
core-shell structure of the nanoparticle. The damage caused
by grinding was indirectly checked by measuring the resistivity of the sintered samples with and without grinding. If
the coating had been damaged, we would observe a decrease
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in resistivity of the ground samples, which was not the case
here. Hence, we were able to successfully separate the
agglomerated nanocomposites with light grinding.
D. Characterization

Sintering of the samples was done on green pellets of
diameter 10 mm, prepared from the calcined powder pressed
isostatically at 300 MPa. The X-ray diffraction measurements
were carried out on powder samples using the Rigaku
SmartLab high resolution powder diffractometer, equipped
with a Johansson monochromator. The polarization vs. electric
field (P-E) loop measurements were carried out with a
Precision Premier II (Radiant Technologies, Inc.). The magnetization vs. magnetic field measurements were carried out on a
Lakeshore vibrating sample magnetometer (VSM). The magnetoelectric measurements were carried out using a custom made
Helmholtz coil, wherein the samples were subjected to an AC
magnetic field of amplitude 20 Oe and frequency of 1 kHz. The
magnetoelectric voltage was measured with the help of a lockin amplifier (Model 7625 by Signal Recovery) with input resistance and capacitance of 10 MX and 30 pF, respectively.
E. Cytotoxicity studies

Mammalian cell culture was performed to check the toxicity of the particles. An epithelial cell line (CHO) was taken
and cultured in a cell culture treated Petri dish along with
appropriate media of antibiotics and serum. The media was
changed every alternate day. The cells were maintained in an
incubator with 5% CO2 and at 37  C.
The nanoparticles suspended in phosphate-buffered
saline (PBS) were sterilized using an autoclave. 1 mg/ml of
the particles were sonicated, and added to the CHO cells preserved in the Dulbecco’s Modified Eagle’s Medium
(DMEM) media supplemented with 10% Fetal bovine serum,
and 1% Glutamine-penicillin-streptomycin. The media was
changed every alternate day. The cells were maintained in an
incubator with 5% CO2 and at 37  C. The in-vitro culture
was carried out for a week, and the cell growth was monitored under the optical microscope. In order to study the cell
viability upon the addition of nanoparticles, the standard
live/dead assay was carried out on day 8. Briefly, 8 lM of
Hoechst and 100 nM of Ethidium bromide (EtBr) were added
to the in-vitro culture and incubated at 37  C for 20 min, after
which the images were obtained using a fluorescent microscope. Hoechst binds to the DNA of live cells and emits blue
fluorescence on exposure to UV light and EtBr binds to the
DNA of dead cells and emits red fluorescence on exposure to
red wavelength. From this study, we found that the ratio of
dead cells to live cells was almost negligible suggesting
these nanoparticles to be biocompatible.
III. RESULTS AND DISCUSSION
A. Optimization of calcination conditions to obtain
pure BTO phase

When synthesized using a solid state technique, BTO
requires calcination at minimum 1100  C and sintering at
1300  C. However, wet chemical routes, like sol-gel, enable
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FIG. 1. Comparison of x-ray diffraction patterns of (a) BTO calcined at
700  C, (b) BTO recalcined at 800  C,
(c) Calcined BTO sintered at 1050  C.
All heat treatments were performed for
2 h. “*” and indicate peaks corresponding to unreacted BaCO3.

synthesis of BTO at considerably lower temperatures. In
order to first determine the temperature at which the complete formation of BTO is ensured, we calcined the dried gel
at various temperatures. The time for each calcination was
fixed at 2 h. Calcination at 700  C showed that some of the
BaCO3 was unreacted [Fig. 1(a)], and recalcination at 800  C
was necessary to ensure complete reaction and formation of
pure phase BTO. Thus, a two-step calcination technique was
followed, wherein the dried gel was first calcined at 700  C,
then crushed and recalcined at 800  C to obtain pure BTO.
However, the zoomed section of the pseudocubic (pc) {200}pc
and {311}pc Bragg reflections in Fig. 1 shows that the tetragonality of BTO does not set in when calcined at 800  C. This
is a known problem with wet chemical synthesis of BTO, and
is attributed to the small particle size of BTO causing the
structural anomaly.32 Locally, these particles may still be
polar in nature and since we needed nanoparticles, the powder
was directly used for cell culture studies. However, in order to
observe the tetragonality in XRD, it was necessary to sinter
pellets of BTO at a minimum of 1050  C, which then showed
asymmetric {200}pc reflections. Even this temperature was

not enough to obtain a clear tetragonal phase, and only sintering at 1300  C showed a clear split in the {200}pc Bragg
reflections similar to samples prepared by solid state technique. However, since we wanted to keep the sintering temperature same as that required for CFO@BTO samples
(explained in Sec. III B), we preferred to use 1050  C as the
final sintering temperature.
B. Optimization of calcination conditions for
CFO@BTO composites

Similar heat treatment conditions were followed for the
CFO@BTO nanocomposites as well. When individual nanocomposite particles are required for biomedical applications,
sintering at a high temperature of 1050  C causes problems,
such as the formation of the 2nd phase impurities at the interface of CFO and BTO, and the higher agglomeration of particles. Figure 2 shows a comparison of XRD peaks of (a)
pure CFO and (b) pure BTO, with that of the CFO@BTO
composite calcined at (c) 800  C for 2 h and sintered at (d)
1050  C for 2 h. While it was seen that the individual phases

FIG. 2. X-ray diffraction patterns of
(a) Pure CFO, (b) Pure BTO sintered at
1050  C, (c) CFO@BTO composite
calcined at 800  C, (d) CFO@BTO
composite sintered at 1050  C. The “*”
indicates the peaks from CFO phase in
the composite, and “þ” indicates peaks
from the secondary phase in the
composite.
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of CFO and BTO are maintained in the composite, the sample sintered at 1050  C showed small impurity peaks
(marked by “þ”) arising from the reaction between CFO and
BTO. This secondary phase could influence the magnetoelectric coupling between the two phases, and hence the
value obtained from the sintered pellets may not truly predict
the coupling coefficient of individual composite particles.
This is because the nanocomposite particles to be used for
testing on cells are only heated up to 800  C and hence do
not have any impure phase. Other sintering techniques like
spark plasma sintering or microwave sintering could be better options to obtain good density pellets to perform the magnetoelectric measurements. However, in this work, we stick
to the results from conventional sintering.

then yield the correct polarization values of BTO. The comparatively larger polarization in the CFO@BTO composite
could be due to better sinterability of CFO, leading to
denser pellets formed by the composite. Similarly, Fig. 3(b)
shows the comparison of the room temperature ferromagnetic M-H hysteresis measurements between pure CFO and
the CFO@BTO core-shell composite sintered at 1050  C.
We can see that the magnetic properties are not affected by
the formation of the secondary phase at the interface. The
composite shows an expected lower magnetization, due to
lower fraction of magnetic CFO present in it.

C. Ferroelectric and ferromagnetic characterization

To examine if the core-shell composite prepared by us is
truly effective in homogeneously dispersing the magnetic
nanoparticles in the matrix, we compared the properties of
core-shell composites with that of the samples prepared by
direct mixing of separately prepared CFO and BTO particles.
It can be seen from Fig. 4(a) that the mixed composite shows
a very lossy behavior in the PE loop measurement, which
indicates greater agglomeration of the CFO nanoparticles
leading to higher leakage current in the sample. The current
leakage measurement of the samples have also verified this
effect, wherein the samples were subjected to a constant
electric field of 2 kV/mm for 1 s, and the current flowing
through the sample was measured. This showed that the
core-shell composites had a resistivity of 6.5  108 X cm,
which was about 3 orders of magnitude greater than that of
the mixture, which had a resistivity of 8.3  105 X cm. This
is an indirect confirmation of the formation of core-shell
structured composite, as the resistivity can be higher only if
a majority of the magnetic CFO nanoparticles are well isolated by the BTO matrix. No significant difference was
observed in the M-H loops of the two samples [Fig. 4(b)],
indicating that the magnetization of the sample is decided
only by the amount of CFO present in it, and not its distribution. Figure 4(b) also shows that the sintering temperature
has a negligible effect on the magnetic properties of the

Sintering the composite at 1050  C was important to
obtain reasonably dense pellets, which is necessary for carrying out ferroelectric and magnetoelectric measurements.
Sintering at 800  C did not yield good dense pellets, and
hence the PE loop measurements could not be done for these
samples. Figure 3(a) shows comparison of the PE loop of
pure BTO and the CFO@BTO core-shell composite sintered
at 1050  C. Though we expect higher polarization in pure
BTO, it is low in the current case, which could be due to
incomplete tetragonal phase formation and poorer sintering
at 1050  C. Since we wanted to compare both BTO and
CFO@BTO under similar heat-treatment conditions, and
since the composite could not be sintered at higher temperature due to secondary phase formation (Fig. 2), we had to
limit our sintering temperature to 1050  C. Sintering the
composite at higher temperatures resulted in higher amount
of secondary phase formation at the expense of CFO, which
led to absence of magnetoelectric response. Other advanced
techniques like spark-plasma sintering needs to be explored,
which can give good dense pellets at shorter times, thereby
reducing the possibility of formation of secondary phase. In,
the current case, since sintering was done in air by conventional heat treatment, higher temperatures and time are
required to obtain good density BTO samples, which would

1. Comparison of core-shell and directly mixed
composites

FIG. 3. (a) Room temperature Ferroelectric P-E loop of samples sintered at 1050  C for 2 h, for Pure BTO and CFO@BTO core-shell composite. (b) Room
temperature M-H loop of samples sintered at 1050  C for 2 h, for Pure CFO and CFO@BTO core-shell composite.
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FIG. 4. (a) Comparison of P-E loops of CFO@BTO core-shell composite and CFO-BTO mixture. (b) M-H loops of CFO-BTO mixture, and core-shell composites heat treated at 800  C and 1050  C. All the three samples show similar magnetization indicating that the secondary phase has negligible effect on the net
magnetic property of the sample.

composite, as sintering the composite at 800  C and 1050  C
did not show any change in the M-H loop.
The magnetoelectric (ME) measurements were also carried out on the core-shell composites as well as the simply
mixed composites sintered at 1050  C. The samples were
subjected to a longitudinal AC magnetic field of 20 Oe at a
frequency of 1 kHz and the magnetoelectric voltage generated was measured. The ME voltage coefficient at zero bias
field for the core-shell sample was measured to be 9.18 mV/
cm Oe, whereas that for the simply mixed sample was measured to be 2.84 mV/cm Oe. This again indicates the superior
coupling between the magnetic and ferroelectric phases in
the core-shell nanocomposites.
D. Temperature dependent magnetization study

In order to observe the coupling between the magnetic
and ferroelectric phases, we carried out temperature dependent magnetic measurements. A good coupling between the
two phases could give raise to a magnetic anomaly at the
phase transition temperature of BTO. The ferroelectric to
paraelectric transition temperature of BTO is about 400 K.
However, we did not observe any sharp anomaly at this transition temperature. One reason for this could be the high
temperature interval of 10  C at which the data were collected, and hence we might have missed the anomaly.
Another possibility could be a weaker coupling between
CFO and BTO due to the formation of the secondary phase
at the interface. Figure 5 shows the temperature dependent
magnetization plot of the core-shell composite heated at
800  C and 1050  C, which shows a slightly different behavior between the two. While the sample heated to 1050  C
shows a monotonous decrease in the magnetization, the sample heated to 800  C shows a broad anomalous change in
magnetization below the transition temperature of BTO
(<400 K), which could be an indication of higher magnetoelectric coupling. Since the sample treated at 800  C does
not have the impure secondary phase, this could indicate that
this sample has a better magnetoelectric coupling. Thus, for

our current cell culture study, we used the sample calcined at
800  C.
E. Cell culture studies in the presence of CFO@BTO
core-shell nanoparticles

In order to test the toxicity of CFO@BTO core-shell
nanocomposites as well as pure BTO nanoparticles, live
CHO cells were exposed to these nanoparticles at a concentration of 3 mg per ml. Figures 6(a)–6(f) shows a series of
images of CHO cells. We can see that the cell division
thrives in both the samples, suggesting that the CFO compound does not inherit the toxic nature of cobalt. However,
for actual biological applications, the direct usage of CFO is
risky since there are chances of leaching of cobalt ions from
the compound in the body. In our current experiment, each
CFO particle is coated with BTO, which is known to be biocompatible,33,34 and hence we expect it to isolate the CFO
from the cells. Comparing the cell growth between the two
samples, it was observed that cells in the presence of the
nanocomposites multiplied at a similar rate as that in the
presence of pure BTO [Fig. 6(g)]. Though cobalt is known to
be toxic,35 no indication of mass death of cells was observed
in our current cell culture, indicating that CFO as a compound may not be toxic.

FIG. 5. Temperature dependence of magnetization of core-shell samples
heat treated at 800  C and 1050  C. Measurements were carried out at constant magnetic field of 100 Oe.
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FIG. 6. Live/dead assay images of
cells exposed to nanoparticles. Live
cells are stained in blue and dead cells
are stained in red. (a) Pure BTO cells
at day 1, (b) Pure BTO cells at day 7,
(c) Light microscope image of pure
BTO cells at day 7, (d) CFO@BTO at
day 1, (e) CFO@BTO at day 7, (e)
CFO@BTO at day 1, (f) Light microscope image of CFO-BTO at day 7,
(g)–(h) Graphical representation of the
number of cells on culture at day 1 and
day 7, where CHO cells without any
nanoparticles were used as control. No
significant difference (N.S.) observed
at day 7 in the proliferation of control
cells as compared to cells exposed to
CFO-BTO or BTO.

In order to ensure that the nanoparticles are impregnated into the cells, in the second day, powerful magnets
were kept below the petri dishes. This helped in improving
the contact between the cells and the nanoparticles. The
images were collected every day for a week, and it was
found that the cells were healthy and multiplied without
any indication of toxicity. Though it is dangerous to use
CFO directly on cells due to the chances of exposure to
stray toxic Co3þ ions, for our current in-vitro studies, using
CFO coated BTO seems to be ideal due to the high magnetoelectric coupling possible by this composite. The standard
live/dead assay carried out on day 7 with Hoechst and
Ethidium bromide (EtBr) showed minimal or no toxicity
[Fig. 6(g)]. Over a period of 7 days of culture of cells
exposed to nano-particles, the fold-increase of the cellnumber was similar to that observed for cells without nanoparticles. Though there was a slightly greater proliferation
observed for cells exposed to nano-particles, these cells
were plated at a lower cell-density on Day 0 as compared to
the control-cells, so as to minimize the number of particles
used. Since the contact-inhibition of the epithelial cells is a
well-reported phenomenon, the slightly higher proliferation
observed in cells (seeded at low-density) exposed to nanoparticles is understandable. Therefore, for our current
in-vitro studies to understand the effect of localized voltages on the functioning of the cells, this nanocomposite
seems to be ideal, as it is non-toxic as well as promises to
provide good magnetoelectric voltage.

IV. CONCLUSION

Core-shell magnetoelectric nanocomposites were synthesized using wet-chemical methods. Optimization of the synthesis conditions suggested that for biological applications, the
composite calcined at 800  C would be preferable. However,
the magnetoelectric coupling cannot be directly measured for
these nano-composites, unless they are compacted into dense
pellets. Obtaining dense pellets requires sintering at higher
temperatures. This again leads to problems like secondary
phase formation, which can affect the magnetoelectric coupling properties. Thus, the characterization of the core-shell
composite in the bulk form may only give a rough estimate of
the properties of the individual particles. In the present work,
the cells treated with the nanocomposites were not characterized in the presence of external magnetic field, which would
give a clear idea about the magnetoelectric coupling of the
individual particles. We have only carried out a preliminary
biocompatibility study in this work, which showed that the
nanocomposite did not elicit any sign of toxicity from CHO
cells cultured in-vitro. This suggests that further experiments
can be carried out to study the effect of magneto-electric voltage on cells. It needs to be noted here that though hightemperature sintering enables better magnetoelectric-response,
the artifacts of agglomeration and secondary-phase formation
prevent a quantitative study of the cell-proliferation in the presence of dispersed nanoparticles. While grinding of agglomerates can improve the conditions of nanoparticle exposure to
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some extent, the dangers of losing core-shell geometry cannot
be completely ruled out. Therefore, a low-temperature, nonaggregating process for ME-nanoparticle generation appears to
be ideal for future biomedical applications. Also, the
CFO@CFO nanocomposite promises to be an ideal candidate
for the study of the effect of the local electric field on cell function. Future works have been planned for elaborate in-situ
study of the effect of these nano-composites on cell functions
under the influence of external magnetic field.
ACKNOWLEDGMENTS

B.N.R. would like to thank Professor Rajeev Ranjan for
providing x-ray diffraction, ferroelectric measurement, and
VSM measurement facilities in IISc Bangalore. B.N.R.
would also like to thank the IITM for providing him the
post-doctoral fellowship to conduct this research.
1

A. Kargol, G. Caruntu, and L. Malkinski, Biomedical Applications of
Multiferroic Nanoparticles (InTech, 2012).
2
Y. Wang, J. Hu, Y. Lin, and C.-W. Nan, NPG Asia Mater. 2, 61 (2010).
3
J. Ma, J. Hu, Z. Li, and C.-W. Nan, Adv. Mater. 23, 1062 (2011).
4
R. E. Newnham, D. P. Skinner, and L. E. Cross, Mater. Res. Bull. 13, 525
(1978).
5
A. Hanumaiah, T. Bhimasankaram, S. V. Suryanarayana, and G. S.
Kumar, Bull. Mater. Sci. 17, 405 (1994).
6
M. Rafique, S. Q. ul Hassan, M. S. Awan, and S. Manzoor, Ceram. Int.
39(1), S213 (2013).
7
V. Gorige, R. Kati, D. H. Yoon, and P. S. A. Kumar, J. Phys. D: Appl.
Phys. 49, 405001 (2016).
8
V. Corral-Flores, D. Bueno-Baques, D. Carrillo-Flores, and J. A. MatutesAquino, J. Appl. Phys. 99, 08J503 (2006).
9
G. V. Duong, R. Groessinger, and R. Sato Turtelli, J. Magn. Magn. Mater.
310, e361 (2007).
10
G. Schileo, Prog. Solid State Chem. 41, 87 (2013).
11
G. V. Duong, R. Groessinger, and R. Sato Turtelli, IEEE Trans. Magn. 42,
3611–3613 (2006).
12
G. V. Duong and R. Groessinger, J. Magn. Magn. Mater. 316, e624
(2007).
13
K. Raidongia, A. Nag, A. Sundaresan, and C. N. R. Rao, Appl. Phys. Lett.
97, 062904 (2010).

J. Appl. Phys. 122, 164102 (2017)
14

V. V. Shvartsman, F. Alawneh, P. Borisov, D. Kozodaev, and D. C.
Lupascu, Smart Mater. Struct. 20, 075006 (2011).
15
M. Etier, Y. Gao, V. V. Shvartsman, D. C. Lupascu, J. Landers, and
H. Wende, in Proceedings of the ISAF-ECAPD-PFM 2012 (2012), pp.
1–4.
16
M. Etier, Y. Gao, V. V. Shvartsman, A. Elsukova, J. Landers, H. Wende,
and D. C. Lupascu, Ferroelectrics 438, 115 (2012).
17
C. Nayek, K. K. Sahoo, and P. Murugavel, Mater. Res. Bull. 48, 1308
(2013).
18
M. Etier, V. V. Shvartsman, Y. Gao, J. Landers, H. Wende, and D. C.
Lupascu, Ferroelectrics 448, 77 (2013).
19
L. Curecheriu, P. Postolache, M. T. Buscaglia, V. Buscaglia, A.
Ianculescu, and L. Mitoseriu, J. Appl. Phys. 116, 084102 (2014).
20
M. M. Selvi, P. Manimuthu, K. S. Kumar, and C. Venkateswaran,
J. Magn. Magn. Mater. 369, 155 (2014).
21
A. Chaudhuri and K. Mandal, J. Magn. Magn. Mater. 377, 441 (2015).
22
S. Betal, M. Dutta, L. F. Cotica, A. Bhalla, and R. Guo, Integr. Ferroelectr.
166, 225 (2015).
23
M. Etier, C. Schmitz-Antoniak, S. Salamon, H. Trivedi, Y. Gao, A.
Nazrabi, J. Landers, D. Gautam, M. Winterer, D. Schmitz, H. Wende, V.
V. Shvartsman, and D. C. Lupascu, Acta Mater. 90, 1 (2015).
24
M. Etier, V. V. Shvartsman, S. Salamon, Y. Gao, H. Wende, and D. C.
Lupascu, J. Am. Ceram. Soc. 99, 3623 (2016).
25
A. Kaushik, R. D. Jayant, V. Sagar, and M. Nair, Expert Opin. Drug Deliv.
11, 1635 (2014).
26
A. Rodzinski, R. Guduru, P. Liang, A. Hadjikhani, T. Stewart, E. Stimphil,
C. Runowicz, R. Cote, N. Altman, R. Datar, and S. Khizroev, Sci. Rep. 6,
20867 (2016).
27
R. Ghosh Chaudhuri and S. Paria, Chem. Rev. 112, 2373 (2012).
28
R. Liu, Y. Zhao, R. Huang, Y. Zhao, and H. Zhou, J. Mater. Chem. 20,
10665 (2010).
29
Y. I. Kim, D. Kim, and C. S. Lee, Phys. B: Condens. Matter 337, 42
(2003).
30
L. Wang, L. Liu, D. Xue, H. Kang, and C. Liu, J. Alloys Compd. 440, 78
(2007).
31
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