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Cobalt ferrite (CoFe2O4) nanoparticles were successfully synthesized by a sol-gel
combustion technique. The particle size as determined by a transmission electron
microscope was about 25 nm. A maximum saturation magnetization of 22.31 emu/g and a
coercivity of 118 Oe were achieved for the samples. The effect of CoFe2O4 nanoparticles
on 4T1 murine breast cancer cells was explored by cytotoxicity assay and flow cytometer
analysis. The lower concentrations of CoFe2O4 nanoparticles did not induce any toxicity in
cells, when exposed for 24 h. Concentrations exceeding 400 μg/ml produced significant
morphological changes and induced cell death by apoptosis and necrosis.
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1. Introduction
The oxides known as spinel ferrites with a cubic unit cell, otherwise referred to as
ferrospinels and have a formula of MXFe3XO4, derived their name from the naturally occurring
mineral MgAl2O4 with a face centered cubic structure and are generally represented as MFe2O4 [1].
Here M can be either Fe, Mn, Co, Ni, Cu or Zn. The identification of new materials with enhanced
properties or new synthesis techniques to improve the performance of existing materials, along
with the cost-effective advantages, is always an interesting matter for researchers [2]. Spinel ferrite
nanoparticles have a wide range of technological applications including magnetic refrigeration,
Ferro fluids, high density recording, spintronics, etc. [3, 4, 5]. Properties of spinel ferrite can be
controlled by chemical composition, substitution, method of synthesis and the particle size.
Therefore serious studies have been carried out to improve the magnetic and electrical properties
of ferrite nanoparticles. CoFe2O4 exhibits high coercive force, mechanical hardness, and chemical
stability. Therefore more efforts have been made for the synthesis and characterization of CoFe2O4
materials. Several researchers have reported on various methods of synthesis of cobalt ferrite such
as hydrothermal synthesis [6, 7], coprecipitation [8, 9], sol–gel [10, 11], spray drying [12], solidstate, microemulsion processes [13, 14], mechanical alloying [15, 16] and electrochemical
synthesis [17]. The wet chemical methods requires low processing temperature. For example,
CoFe2O4 nanoparticles can be synthesized in the temperature range of 164–192°C by a microwave
assisted hydrothermal process, however the solid-state method necessarily requires a high
temperature of about 800°C [18].
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In the past few years, biological and biomedical applications in health care have rapidly
developed, and nanoparticle-based materials have attracted much attention because of their
potential for use as efficient drug delivery carriers for diagnostic and therapeutic applications.
Cancer is a malignant neoplasm characterized by uncontrolled growth of abnormal cells in the
body. Cancer can develop in almost any organ or tissue of the body, however, the efficient cure of
cancer is still a challenge in disease treatments. Advances in cancer nanotechnology increase the
use of novel therapeutic strategies such as nanotheranostics, which utilize individualized
diagnostic therapy [19]. Cobalt ferrite nanoparticles possess a potential for possible future
biomedical applications [20, 21] spanning from cell separation, purification and contrast agents for
magnetic resonance imaging [22] to drug delivery [23], biosensors [24], and magnetic fluid
hyperthermia [25, 26]. The CoFe2O4 nanoparticles have received particular attention because of
their slower magnetic moment relaxation compared to magnetite ones. The present study is
focused on the concentration-dependent distribution of CoFe2O4 nanoparticles in murine breast
cancer cells 4T1. The 4T1 is selected because it is one of the cell models considered for in vitro
tests of metal compounds and it has been used for the evaluation of the cytotoxicity of
nanoparticles [27, 28]. Cancer cells appear to take up magnetic nanoparticles by endocytosis, a
process which occurs more in highly-proliferating cells. Direct intra-cancer injection of
biocompatible CoFe2O4 used as magnetic drug carriers in canine breast cancers has shown that
endocytosis of CoFe2O4 nanoparticles occurs just one hour after administration [29]. Previous
studies have demonstrated that CoFe2O4 nanoparticles are safe at lower concentrations and induce
cytotoxicity at high concentrations [29, 30]. More recently, the in vitro and in vivo toxicity of
CoFe2O4 was evaluated using the L929 cell line together with the cytotoxity assay and intravenous
(IV) injections in male ICR (Imprinting Control Region) mice. In vitro cytotoxicity was observed
at high doses while no adverse effects were found in vivo on mice, either as changes in growth or
behavior when comparing the test and control groups [30]. The main goal of this paper is to
synthesize and to study the properties of CoFe2O4. Since there are only few reports available on
anticancer effects of CoFe2O4 nanoparticles, here we report the sol-gel synthesis, structural,
morphological, magnetic and anticancer behavior of cobalt spinel ferrite nanoparticles.
2. Materials and Methods
2.1. Materials
All the chemicals are of analytical grade and are used as received without further
purification. Cobalt nitrate [Co(NO3)2.6H2O], ferric nitrate [Fe(NO3)3.9H2O], ethylene glycol
[C2H6O2], citric acid [C6H8O7] are bought from Sigma-Aldrich chemical reagent Co., (USA).
2.2. Synthesis of CoFe2O4 nanoparticles
The CoFe2O4 nano powder was synthesized by the sol–gel auto-combustion method. A
proper amount of metal nitrates and citric acid was first dissolved in a minimum amount of
ethylene glycol. The molar ratio of cobalt and ferric nitrates was 1:2 and nitrates to citric acid ratio
was 1:1. The mixed solution was stirred magnetically for 3 h at room temperature and then
additional water was removed in a vacuum rotary evaporator at 60–80°C till a gel was obtained.
Then the gel was dried in a hot air oven at 150°C for 24 hours to get the brown colour cobalt
ferrite powder.
2.3. Characterization
An X-ray diffraction pattern was taken for the calcined sample by X-ray diffractometer
(Phillips Expert ProPW3040) using CuKa radiation in a wide range of 2θ (10<2θ<80). The particle
morphology observation of the specimen was performed using transmission electron microscope
(TEM). The magnetic characteristics of the specimen was measured at room temperature using a
vibrating sample magnetometer (VSM model-LDJ9600).
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2.4. Maintenance of cell cultures
4T1 murine breast cancer cells were procured from the American type culture collection.
The cell lines were maintained and propagated in 90% RPMI medium containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Cells were cultured as adherent monolayers (i.e.,
cultured at approximately 80% confluence) and maintained at 37°C in a humidified atmosphere of
5% CO2. Cells were harvested after brief trypsinization.
2.5. Cell viability assay
The 4T1 cells were harvested, counted and transferred to 96-well plates and incubated for
24 h prior to the addition of the nanoparticle. The CoFe2O4 nanoparticles were processed and
applied in various concentrations, and the treated cells were incubated for 24 h. Five milligram of
MTT (3-[4,5-dimethylthiazol-2-yl]- 2,5-diphenyltetrazolium bromide) was dissolved in 1 mL of
phosphate-buffered saline (PBS), and 25μL of the MTT solution was added to each of the 96
wells. The plates were wrapped in aluminum foil and incubated at 37 oC for 4 h. The solution in
each well, containing media, unbound MTT and dead cells, was removed by suction, and 200μL of
dimethylsulfoxide was added to each well. The plates were then shaken, and the optical density
was measured using a micro plate reader at 575 nm. Three independent experiments were
performed for each study and all measurements were performed in triplicate. Results were
expressed as the percentage proliferation with respect to vehicle-treated cells.
2.6. Trypan blue exclusion test
Cell viability was determined by trypan blue exclusion test after cells were harvested with
designated treatments in different concentrations of CoFe2O4. Equal amounts of cell suspension
and 0.4% trypan blue were mixed for 1-2 min. 10 µL of the mixture was taken to the
hemocytometer and the cells were counted in all the four fields under a light microscope.
2.7. Quantification of apoptosis
Cobalt ferrite induced cell death in 4T1 cells was quantified using propidium iodide (PI)
and acridine-orange (AO) double staining according to standard procedures and examined under
fluorescence microscope (Bio-Rad). Briefly, treatment was carried out in a 25 mL culture flask.
4T1 cells were plated at a concentration of 1x106 cell/mL, and treated with CoFe2O4 at various
concentrations. Flasks were incubated in atmosphere of 5% CO2 at 37 ∘C for 24 h. The cells were
then spun down at 1000 rpm for 10 minutes. Supernatant was discarded and the cells were washed
twice using PBS after centrifuging at 1000 rpm for 10 minutes to remove the remaining media. 10
µL of fluorescent dyes containing AO (10 μg/mL) and PI (10 μg/mL) were added into the cellular
pellet at equal volumes of each. Freshly stained cell suspension was dropped into a glass slide and
covered by a coverslip. Slides were observed under UV-fluorescence microscope within 30
minutes before the fluorescence color started to fade. All the treatments and time points were
carried out in three individual experiments. AO and PI are intercalating nucleic acid specific
fluorochromes which emit green and orange fluorescences, respectively, when they are bound to
DNA. Of the two, only AO can cross the plasma membrane of viable and early apoptotic cells.
Viewed by fluorescence microscopy, viable cells appeared to have green nucleus with intact
structure while apoptotic cells exhibited a bright-green nucleus showing condensation of
chromatin as dense green areas. Late apoptotic cells and necrotic cells will stain with both AO and
PI. Comparatively, PI produced the highest intensity emission. Hence, late apoptotic cells
exhibited an orange nucleus showing condensation of chromatin whilst necrotic cells displayed an
orange nucleus with intact structure.
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2.8. Annexin V-PI staining
The induction of apoptosis in 4T1 cells by cobalt ferrite was examined by FITC-labeled
annexin V (FITC-annexin V) staining of the treated cells. The cells were simultaneously stained
with PI in order to differentiate the necrotic cells from the apoptotic ones based on the membrane
integrity. Following the CoFe2O4 treatment, cells were harvested and washed with PBS. The cells
were then stained with FITC-annexin V-PI as per manufacturer’s instructions (FITC Annexin V
Apoptosis Detection Kit, BD Pharmingen, NJ) and analyzed in a FACS Calibur (BD Biosciences,
NJ) flow cytometer. The data were collected with Cell Quest Pro software for 10000 cells in each
sample.
3. Results and Discussion
3.1 TG analysis
Thermo gravimetric analysis (TGA) curve of CoFe2O4 sample is shown in Fig.1. The
thermal decomposition process of the nitrate–citrate gel process consists of the following three
stages. The initial weight loss at the temperature range of 50–150 °C was due to the evaporation of
absorbed water and primary breakdown of the complex. The interactions of citrate and nitrate ions
in the gel produce spontaneous combustion with the liberation of CO2, H2O and nitrate ions which
provided the combustion of organic components in the oxidizing environment [31]. The weight
loss observed between 190–230 °C with a mass loss of 12.6%, was due to dehydration of the OH
group in the spinel structure and formation of semi-organic carbon materials/metal oxides [32, 33].
The final stage in weight loss at the temperature range of 400–640 °C is due to the formation of
spinel phase metal oxide. In the TG curve no weight loss was observed above 842 °C. This shows
the formation of pure cobalt ferrite.

Fig. 1. Thermo gravimetric analysis (TGA) curve of cobalt ferrite sample.

3.2 X-Ray diffraction measurements
Fig. 2 shows the X-ray diffraction pattern of the calcinated cobalt ferrite powder. This
pattern matches well with the standard diffraction data of CoFe2O4 crystals. It is clear that a spinel
structure of cobalt ferrite labeled in the JCPDS file no#22-1086 was detected in this sample whose
space group is Fd3m (227) along with the lattice parameter of a = 9.38 Å. The crystalline
diffraction pattern shows the major 2θ angles are at 30.22°, 35.51°, 43.20°, 57.04°, and 62.84°
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which correspond to the diffraction planes of (220), (311), (222), (400), (422), (511) and (440)
respectively. Very broad reflections indicate the nanoparticle nature of the samples. The
experimental reflections do not show peaks corresponding to any other material or impure phases,

Fig. 2. XRD pattern of cobalt ferrite

3.3 Microstructure
Fig. 3 shows the particle size distribution in a TEM micrograph image of CoFe2O4 powder
calcined at 150 °C. The particles are nearly spherical in shape and the major portions of the
calcined particles are in the size range of 20–40 nm. The histogram inserted in figure 3 shows the
size distribution of nano particles. The average size of cobalt ferrite particles draws closer to 30
nm.

Fig. 3. TEM micrograph of sample calcined at 150°C.
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3.4 Vibratting sample magnetomeeter
nce in the magnetic
m
Normally the magnetiization in sppinel ferrites arises due the differenc
hedral and teetrahedral int
nterstitial sitees. This
momennts of cationns which aree distributed in the octah
directlyy points to the
t distributiion of the maagnetic Fe3+ and Mn2+ io
ons in the tw
wo sublattices along
with oother factors [34]. Typicaal hysteresis behavior off the nanosizeed CoFe2O4 is shown in Fig. 4.
Ferrom
magnetic behhavior is observed for thee sample at room temperature. The nnanosized CoFe
C 2O4
magneetization dispplays a hysterresis loop ass the applied field changees in strengthh and directio
on. The
values of saturationn magnetizattion and coerrcivity obtain
ned from VS
SM measurem
ments is foun
nd to be
22.31 A
Am2/kg and 118 Gauss at
a 300 K, resppectively.

Fig. 4. Hysteresis cu
urve of the cobbalt ferrite sam
mple at room temperature ((300 K).

3.5. Cytotoxicity and alteration in
n cell morph
hology

Fig. 5. Effecct of cobalt feerrite on grow
wth of breast cancer cell linees 4T1. Cells were seeded
in 96-well plates
p
and inccubated with ddifferent conceentrations of cobalt
c
ferrite as noted for
24 h at 37°°C. Cell viabilities were ddetermined by 3-(4, 5-dimeethylthiazol)-22, 5-diphenyl
tetrazolium bromide asssay. Data poiints are pressented as means
m
± SD oof triplicate
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eexperiments.

The 4T1 cells
c
were exp
posed to cobbalt ferrite naanoparticles at the conceentrations of 25, 50,
100, 200, 400 and 800 μg/mL for 24 h andd cytotoxicity
y was determ
mined using M
MTT assays.. In this
methodd of analysiss, the cell viaability was ssignificantly reduced to 96%,
9
94%, 9 0%, 63%, 45
5% and
29% foor the cobalt ferrite conceentrations off 25, 50, 100, 200, 400 an
nd 800 μg/mL
L respectively (Fig.
5). Thhis is supporrted by the previous exxperimental result
r
in wh
hich the CoFFe2O4 nanop
particles
showed toxicity onnly at higher concentratioons [29, 30]. In another study,
s
the gennotoxic poteential of
three ddifferent sizees of CoFe2O4 (5.6 nm, 110 μm and 120 μm) weree assessed onn human perripheral
lymphocytes by Colognato
C
et al [35]. Theey found that the smallerr nanoparticlles were associated
with ssignificant toxicity
t
and
d mutageniccity, whilst no effects were inducced by the larger
nanopaarticles. Thee 4T1 cells trreated with vvarious conccentrations of the cobalt nanoparticlees were
examinned by fluoorescence microscopy
m
aafter AO/PI staining an
nd characterrized to stu
udy the
structuural and morphologica
m
al changes of cobalt ferrite-ind
duced apopttosis. In general,
g
morphhological chaanges such as cell shrrinkage, con
ndensation and
a
fragmennted chromaatin are
associaated with appoptotic cell death [36]. F
Fig. 6 shows the AO/PI staining ressults obtained
d using
fluoresscence microoscopy. As seen
s
in Fig. 6, control ceells do not show any apooptotic bodies. The
cells ttreated withh increasing
g concentrattions of Co
oFe2O4 nano
oparticles shhow a prog
gressive
accum
mulation of thhe apoptotic bodies
b
in a ddose dependeent manner.

Fig. 6. Morrphological asssessment of 4T1 cells staiined with acrridine orange (green) and
propidium iodine (red). Cells were iincubated without or with cobalt ferritee at various
concentratioon for 24 hrss. Cells with intact membrrane and stain
ned green inddicate viable
cells; cells that showed
d chromatin condensation, nuclear gen
nome fragmeentation and
membrane blebbing
b
indiccated early appoptosis; cellss that are stain
ned orange annd contained
fragmeented DNA rep
presented secoondary necrotic or late apo
optotic cells.
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v
and apoptosis
3.6. Cell viability

Fig. 7. Floow cytometry analysis
a
of 4T
T1 cells untrea
ated and treated with coballt ferrite for
24 hrs staained with An
nnexin V-FITC
C/propidium io
odide. Data po
oints are pressented as
mea
ans ± SD of triiplicate experriments (p < 0.05).

The apoptootic cell deatth in 4T1 cellls induced by
b cobalt ferrrite nanopartticle was con
nfirmed
and suubsequently quantified by
b flow cyttometric anaalysis. Early apoptotic ccells can eaasily be
identiffied by greenn fluorescencce of FITC- cconjugated annexin
a
V as annexin V++ has a high affinity
towardd phosphatiddyl serine reesidues whicch are exterrnalized from
m inner to oouter leaflet of the
plasmaa membranee during earlly stages off apoptosis [37,
[
38]. Fig
g. 7 shows tthe results of
o flow
cytomeetric analysis of FITC-an
nnexin V-PII stained 4T1
1 cells treateed with diffeerent concenttrations
of CoF
Fe2O4 nanopparticles. Thee percentagees of apopto
otic and necrrotic populaation in treatted and
untreatted cells weere calculated from the flow cytomeetric data an
nd the resultts clearly sh
how the
dose-ddependent redduction in cell viability of 4T1 cellss in the presence of CoFFe2O4 nanopaarticles.
Most iimportantly, the apoptotiic and necrottic populatio
on in 4T1 cells increasedd by 29%, 63
3% and
86% inn the presence of 200, 400
4 and 800 μg mL-1 co
obalt ferrite nanoparticles
n
s, respectively. The
resultss of flow cyytometric an
nalysis clearrly establish
h the efficient inductionn of apoptottic and
necrotiic cell death in 4T1 cellss by CoFe2O4 nanoparticlles (Fig. 7). While
W
necroosis is a form
m of cell
death rresulting from direct cell damage, appoptosis is a form of cell programmeed cell death
h where
one orr more cellss effectively
y commit suuicide [39]. Based on the
t results oof this study
y, it is
reasonnable to sugggest that the ions releaseed from nano
oparticles, once they havve entered th
he cell,
contribbute to cytotooxicity accorrding to the T
Trojan-horsee theory prop
posed for mettal nanopartiicles by
Park eet al. [40]. Currently,
C
only
o
a little information
n is available on the inn vitro and in vivo
biocom
mpatibility off CoFe2O4 nanoparticles.. Our study demonstrates
d
s the simultaaneous visuallization
of viabble, necrotic and apoptotic cells sugggesting that CoFe
C 2O4 nan
noparticles innduce apopto
osis and
necrossis in dose dependent manner. T
The other possible ex
xplanation ffor the sign
nificant
cytotoxxicological, morphologiccal and phennotypic effeccts of cobaltt ferrite inteernalization may
m be
due too drastic imppede transcrriptional reguulation and protein synthesis resultting in loss of cell
phenottype and poossibly cell death. In orrder to evalluate these possibilities,
p
, further stu
udies in
physioochemical baasis of the observed CoFee2O4 cytotoxiicity are neceessary.
4. Concllusion
In summarry, CoFe2O4 nano powdder with an inverse
i
spineel structure w
was synthesiized by
sol-gell method. Thhe synthesizzed nanoparti
ticles are abo
out 25 nm in
n size and thhey show a typical
magneetic hysteresiis behavior – ferro magnnetic behavio
or at room temperature. T
Thermo grav
vimetric
analysis shows thhat the spin
nel ferrite pphase formaation can taake place att a relativeely low
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temperature. It has been found that the 4T1 cells are able to maintain their viability while exposed
to CoFe2O4 nanoparticles at lower concentrations. The apoptosis and necrosis induced at higher
nanoparticle concentrations of cobalt ferrite indicate the possible cell death process These
biocompatible cobalt ferrite nanoparticles promise to be potential candidates in combined cancer
therapy.
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