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a b s t r a c t

Cobalt ferrite (CoFe2O4) nanoparticles were synthesised by a simple and cost-effective method using
Co and Fe nitrates and freshly extracted egg white in an aqueous medium. X-ray diffraction patterns
and Selected Area Electron Diffraction (SAED) pattern results indicate that the CoFe2O4 nanoparticles
have spinel structure with Fd3m space group. The average particle size of CoFe2O4 nanoparticles is
found to from 45 nm. Temperature and field dependence of magnetisation reveals that the CoFe2O4
nanoparticles form ferrimagnetic in nature. A null cytotoxicity is observed in the CoFe2O4 nanoparticle
which indicates that the material has an excellent biocompatibility. In order to check the importance of
CoFe2O4 nanoparticles using the egg-white synthesis, the structural,magnetic and cytotoxicity of CoFe2O4
nanoparticles prepared via egg white method have been compared with that of sol–gel method. The egg-
white method adopted in the present study appears to be a promising route of CoFe2O4 nanoparticles for
biomedical applications.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Spinel ferrite nanoparticles (NPs) with the general formula
MFe2O4 (M = Cr, Mn, Co, Ni, Cu and Zn) are one of the important
class of materials because of their unique magnetic and electrical
transport properties with a good chemical and thermal stabilities.
Technologically, these materials are very promising and have been
used in several applications, including magnetic recording, elec-
tronics, biomedicine, catalysis, sensors and pigments etc. [1–5].
Cobalt ferrite (CoFe2O4) NPs have goodmagnetostrictive, magneto
crystalline anisotropy, high coercivity and moderate saturation
magnetisation among all the ferrite family, whichmakes it compe-
tent to create a new turn in the existingworld of ferrites.Moreover,
they exhibit excellent chemical stability andmechanical hardness;
a large magneto-optical effect; a high Curie temperature; and high
electromagnetic performance [6,7]. In the past few years, CoFe2O4
NPs have reported to be used in several biomedical applications
including therapeutic applications [8,9], removemalignant ovarian
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cancer cells [10], and in controlled drug release [11]. Further, they
have been tested inmany of bio-assays like bacterial quantification
study [12]. Therefore, CoFe2O4 NPs are potential candidates for
several applications including biomedical applications.

There are several synthesis methods that have been explored
for the preparation of CoFe2O4 NPs such as spray pyrolysis [13],
auto combustion [14], sol–gel [15], citrate gel [16], chemical
bath deposition [17], electrodeposition [18], spin coating [19],
microemulsion [20], hydrothermal l [21], forced hydrolysis [22],
reduction–oxidation route [23], and chemical synthesis [24] etc.
However, these traditional methods have some drawbacks like
agglomeration of prepared NPs and poor control in size and shape
which greatly restrict them from the practical applications. More-
over, the traditional methods of synthesis of NPs require expen-
sive and toxic reagents, complicated synthesis steps, high reaction
temperatures and long reaction time. In the present study, CoFe2O4
NPs have been prepared using a simple and cost-effective method
with Co and Fe nitrates and freshly extracted egg-white, hereafter
named as Egg-white (EW) method and explored their structural,
magnetic and cytotoxicity properties for the first time. The EW
has the properties like gelling, foaming and emulsifying with high
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nutrition qualities and also their solubility in water and its ability
to unite with metal ions. This technique achieves less time for
synthesising NPs with small particle size [25]. We synthesised
CoFe2O4 NPs using the conventional sol–gel (SG) and EW method
and made a comparison of structural, magnetic and cytotoxicity
studies.

2. Experimental procedure

CoFe2O4 NPs were prepared in the present study using two
methods. One is EW method and other one is conventional sol–
gel method. In EW synthesis, high purity powders of cobalt nitrate
(Co (NO3)2.6H2O) (Alfa Aesar), Iron nitrate (Fe (NO3)2.9H2O) (Alfa
Aesar) and freshly extracted egg white were used as the start-
ing materials. In a typical procedure, egg white was mixed with
deionised water in 2:3 ratios and add stoichiometric amount of
metals nitrate into it (For 3 g of sample preparation the amount
of cobalt nitrate and Iron nitrate taken is (3.7353 g, 10.3343 g
respectively) [26]. Then it undergoes vigorous stirring at room
temperature until a homogeneous solution was obtained. The
precursors were then added into this homogeneous solution and
stirred the solution for 2 h. Itwas thenheatedusing a hot plate at 80
◦C with vigorous stirring for several hours until a dried precursor
having dark brown colour was formed. The dried precursor was
then crushed into powder using amortar and pestle and calcined at
400 ◦C for 4 h followed by crushing and recalcination at 800 ◦C for
4 h. In SG synthesis, stoichiometric amount of high purity powders
of cobalt nitrate (Co (NO3)2.6H2O) (Alfa Aesar) and iron nitrate (Fe
(NO3)2.9H2O) (Alfa Aesar) were dissolved in a minimum amount
of deionised water or ethylene glycol and stirred for half an hour.
Then the solution was heated to 60 ◦C and citric acid was added
followed by ethylene glycol. A particular molar ratio of citric acid
to total moles of nitrate ions was maintained. The temperature
of the solution was then increased gradually to 120 ◦C and kept
constant for a long time to get the xerogel. It was then dried and
a black precipitate was obtained. The dried precursor was then
crushed into powder using a mortar and pestle and calcined at
400 ◦C for 4 h followed by crushing and recalcination at 800 ◦C
for 4 h. The crystal structure and phase purity of the powdered
compoundwere analysed using X-ray diffractometer (PANalytical-
Empyrean) using Cu Kα radiation with wavelength 1.5404 Å and
the scanning size of 0.01◦ from 20◦

≤ θ ≤ 80◦. Rietveld refine-
ment of the diffraction patterns was carried out using Fullprof
software. The particle morphology and sizes of samples prepared
through EW and SG methods were directly investigated by high
resolution transmission electronmicroscopy (HRTEM, JEOL-2010).
The infrared spectra of the CoFe2O4 NPs were recorded using a
Fourier transform infrared (FT-IR) spectrometer (Spectrum One
FTIR Spectrometer, Perkin Elmer Instruments, USA) in the range
4000–370 cm−1 with a resolution of 1 cm.Magneticmeasurements
of the samplesweremade as a function of temperature and applied
field using a vibrating sample magnetometer attached to phys-
ical property measurement system (Quantum Design Inc., USA).
Room temperature Mössbauer spectra have been recorded with
in a velocity range ±15 mm/s in transmission geometry using a
conventional constant accelerated spectrometer with a 57-Co(Rh)
source and a standard PC-basedMössbauer spectrometer equipped
withWissel velocity drive. Velocity calibration of the spectrometer
has been done with a natural Fe absorber at room temperature.
Cell viability/cytotoxicity of CoFe2O4 NPs was studied using MTT
assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) using HeLa cells [27]. HeLa cells were seeded at a density of
104 cells/well in a 96well plate and incubated at 37 ◦C for sufficient
growth. The NPs of concentrations 50, 100, 250 and 500 µM were
added to the wells separately. The treated cells were incubated for
24 h. The cells were then exposed to MTT at a concentration of

50 µg/well and again incubated for 3 h. The working solution of
MTT was prepared in hanks balanced salt solution (HBSS). After
viewing formazan crystals under themicroscope, the crystals were
solubilised by treating the cells with dimethyl sulfoxide (DMSO)
isopropanol at a ratio of 1:1 for 20 min at 37 ◦C. Finally, the
absorbance was measured by plate reader at 570 nm. The relative
cell viability in percent was calculated as:

Cell viability (%) =
Absorbance of treated
Absorbance of control

× 100 (1)

The cytotoxicity of the CoFe2O4 NPswas also determined by the
lactate dehydrogenase (LDH) release assay on HeLa cells [28]. LDH
release in the medium is due to the loss of membrane integrity
either due to apoptosis or necrosis. HeLa cells were treated with
different concentration (50, 100, 250 and 500 µM) of the com-
pounds CoFe2O4 EW and CoFe2O4 SG for 24 h. Further 50 µl of
the supernatant of the treated cell was transferred into new 96-
well plates, and 50 µl of the LDH reaction solution (PierceTM LDH
Cytotoxicity Assay Kit, Thermo ScientificTM, Pittsburgh, PA) was
added for 30min. Finally, the intensity of red colours in the sample
indicating the LDH activity wasmeasured at 490 nm using a Biotek
Synergy 4 Multi-Mode Reader.

% Cytotoxicity

=
Compound treated LDH activity − Spontaneous LDH activity

Maximum LDH activity − Spontaneous LDH activity
× 100 (2)

where spontaneous LDH activity is the cells treated with sterile
water and maximum LDH activity controls treated with 10X Lysis
Buffer. The values are represented as the means ± SD of three
separate experiments. In statistical analysis the data are expressed
as the mean ± standard deviation (SD) of three replicates and
analysed using Graph Pad PRISM software 5.0 (GraphPad Software
Inc., San Diego, CA). One way analysis of variance (ANOVA) was
used for the repeated measurements, and the differences were
considered to be statistically significant if p<0.05.

3. Results

Fig. 1 shows the powder XRD patterns of both the samples of
CoFe2O4 NPs viz. SG (prepared through Sol Gel method) and EW
(prepared through Egg White method). The peaks observed are
typical of inverse spinel CoFe2O4 ferrite and the peak positions are
in good agreement with the JCPDS file card number 89–0599. The
ferrite phase was successfully refined to the cubic crystal structure
with Fd3m space group. The lattice parameter obtained for EWNPs
is 8.3869 Å and for SG NPs is 8.3843 Å respectively. In refinement,
the oxygen positions (x = y = z) are taken as free parameters.
However, all other atomic fractional positions are taken as fixed
and other parameters such as occupancies; scale factors and shape
parameter are chosen as free. The Rietveld refined parameters of
both the samples are summarised in Table 1 which are in agree-
ment with the previous reports [29].

Morphology of CoFe2O4 NPs synthesised by SG and EW NPs
was investigated by transmission electron microscopy (TEM) as
shown in Fig. 2. The NPs show somewhat polygonal morphology
with non-uniform sizes and the NPs also appear monodisperse
with good crystalline structure which agree well with the XRD
results. Selected area electron diffraction (SAED) patterns of the
NPs are shown in Fig. 2(b,e) and the rings labelled in SAED pattern
corresponds to the lattice planes and are identical to that of cubic
spinel system [30]. To get the particle size distribution of NPs, we
measured the size of 100 NPs selected from different images of the
sample. The particle size distribution of the samples is obtained
from their measured average diameters and is displayed in the
histogram (Fig. 2 (c, f)). CoFe2O4 SG NPs has got an average particle
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Fig. 1. Rietvield refinement patterns of CoFe2O4 EW and CoFe2O4 SG (Observation data are shown as (o) symbols, calculated and background intensities are shown as solid
lines and the bottom line represents the difference between the measured and calculated intensities) NPs.

Fig. 2. TEM images, SAED pattern and particle size histograms of CoFe2O4 SG (a,b,c) and CoFe2O4 EW (d,e,f) NPs.

Table 1
Structural parameters obtained from the refinement output of CoFe2O4 SG and
CoFe2O4 EW.

Sample
(Fd3-m)

x y z B_iso Occ 2

EW
O1
Fe2
Co2
Fe1
Co1

0.2473
0.50
0.50
0.125
0.125

0.2473
0.50
0.50
0.125
0.125

0.2473
0.50
0.50
0.125
0.125

−8.0729
−2.7387
−2.7387
2.0894
2.0894

1.3324
0.7931
0.3741
0.6292
0.2764

1.94

SG
O1
Fe2
Co2
Fe1
Co1

0.2505
0.50
0.50
0.125
0.125

0.2505
0.50
0.50
0.125
0.125

0.2505
0.50
0.50
0.125
0.125

−9.02
−2.51
−2.51
8.46
8.46

0.33
0.42
0.25
0.99
0.34

1.29

size of around 80 nm (Fig. 2 c), whereas the average particle size
of CoFe2O4 EW NPs is found to be 45 nm (Fig. 2(f)) in spite of the
same preparation temperature is involved.

The information on the chemical changes taking place during
the combustion process could be obtained by FTIR analysis. FTIR
spectra of CoFe2O4 SG and CoFe2O4 EWNPswere carried out in the
range 370–4000 cmtsup−1 and depicted in Fig. 3. The high fre-
quency absorption band observed in the range of 500 to 600 cm−1

indicates that the characteristic peak at 417 and 594 corresponds

to the motion of oxygen with respect to the tetrahedral and octa-
hedral cations in the spinel ferrite NPs [31]. The EW sample had
peaks at 1104–1630 cm−1 was due to the re-absorption of water
molecules from the ambient atmosphere. The absorption band at
1630 cm−1 was due to the stretching frequency of the hydroxyl
groups of absorbed water and the peak at 984 cm−1 representing
the O-H outplane vibrations on the surface of EW sample which is
absent in the case of SG sample. [32].

In order to understand the magnetic nature of the NPs synthe-
sised using both themethods we have carried out the temperature
and field variation of magnetic moment (M-T and M-H). Fig. 4
shows the temperature dependence of zero field cooled (ZFC) and
field cooled (FC) magnetisation curves in the range of 2 K to 385
K of both the samples obtained under a constant magnetic field
of 50 Oe. A clear bifurcation in FC and ZFC curves is observed in
both the NPs, i.e, a rapid decrease in the ZFC curve with the de-
crease in temperature, where as FC curve response almost remains
constant with the temperature. Precisely, in case of SG NPs, the
FC magnetisation values gradually decreases with the decrease
in temperature. But, in the case of EW NPs, the magnetisation
values of FC curve gradually decreases with temperature up to
200 K and thereby remains a constant value down to 2 K. In
general, FC and ZFC magnetisation curves are normally bifurcated
due to the presence of super paramagnetic (SPM) relaxation of the
nanoparticles, and this fact suggest that these samples may show
SPM behaviour; however such behaviour is not seen in the present
samples. It is also noteworthy that the FC magnetisation for EW
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Fig. 3. FTIR spectra of CoFe2O4EW and CoFe2O4SG NPs.

Fig. 4. Temperature dependentmagnetisation curve of CoFe2O4 EWand CoFe2O4SG
NPs. Open symbols represent the magnetisation taken under FC mode and Closed
symbols represent ZFC mode.

is relatively high, which can be understood due to the increase in
surface magnetisation with the decrease in particle size [33,34].
The field dependence of the magnetisation for both the samples
measured at various temperatures in the range 300 to 2 K is shown
in Fig. 5. The magnified image describing clear hysteric feature
is also shown in the inset of each figure. From Fig. 5, it is clear
that none of hysteresis curves support the SPM behaviour. Further,

Fig. 6. Initial M-H curve at 300 K (black circle) along with the fits to Eq. (3) (Solid
lines).

the M-H curves measured at all temperatures are found not to be
perfectly saturated even at high fields for both samples. However,
the non-saturating tendency is more prominently seen in the case
of EW sample. This signifies little surface spin disorder in the EW
samples. Further initial M-H curve measured at 300 K has been
fitted to the below equation and shown in Fig. 6.

M (H) = M sat_f

(
1 −

b
H2

)
+ Msat_sp

(
coth

(
µH
kBT

)
−

(
kBT
µH

))
(3)

where Msat_f represents ferrimagnetic state and Msat_sp represents
SPM contribution. Here for EW sample- Msat_f = 44.09 emu/g and
Msat_sp = 7.14 emu/g. For SG sample, Msat_f = 70.29 emu/g and
Msat_sp = 3.48 emu/g. This quantifies, even though small SPM or
surface spin contributes to ferrimagnetic saturation [35,36]. The
coercivity (Hc), saturation magnetisation (Ms), remanant magneti-
sation (Mr), squareness ratio and particle size of both the samples
are given in Table 2. The value of magnetisation obtained at the
highest field of 90,000 Oe is taken as the saturation magnetisation.
Hc, Ms and Mr of both the samples show moderately high values
in compare to its bulk counterparts as mentioned in Table 2. The
temperature variation of Hc for both the samples along with its
bulk counterparts are plotted and shown in Fig. 7. The interesting
feature from Fig. 7 is the exponential increase in the Hc with
reduction in average crystallite size as mentioned in Table 2.

It can also be observed that the values of these parameters (Hc,
Ms and Mr) decrease as the temperature increases from 2 K to

Fig. 5. Field dependence of magnetisation (MH) for (a) CoFe2O4 EW and (b) CoFe2O4 SG NPs.
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Table 2
Magnetic properties and the average particle size of the CoFe2O4 samples.

Sample Average particle
size (in nm)

Temperature
(K)

Hc (Oe) Ms
(emu/g)

Mr
(emu/g)

Squareness
ratio (Mr/Ms)

SG 80

2 7901 79.7 66.9 0.84
50 7141 72.7 64.7 0.89
100 5461 71.5 60.6 0.85
200 2640 70.2 51.1 0.73
300 1291 69.4 44.7 0.64

EW 45

2 8426 56.6 40.9 0.72
50 7314 55.2 40.2 0.72
100 5181 54.4 37.9 0.70
200 2255 53.1 31.6 0.60
300 883 49.5 26.1 0.54

SS (Bulk compound
synthesised by solid
state method)

400 (the crystallite
size is obtained from
the SEM images)

2 4211 81.9 70.0 0.85
50 3900 79.6 66.1 0.83
100 3220 79.1 60.5 0.76
200 1543 78.4 50.1 0.64
300 672 74.8 42.7 0.57

Table 3
Hyperfine parameters obtained from room temperature Mössbauer spectra.

Sample
name

Site Line width (mm/s) IS (mm/s) 2 (mm/s) BHF (Tesla) %Area Area
(mm/s)

χ2

SG A
B

0.39 ± 0.04
0.43 ± 0.02

0.49 ± 0.01
0.37 ± 0.01

0.022 ± 0.01
0.013 ± 0.01

51.4 ± 0.08
48.8 ± 0.03

26.98
73.02

0.058 ± 0.008
0.156 ± 0.008
Total: 0.214 ± 0.011

1.78

EW A
B

0.26 ± 0.02
0.47 ± 0.006

0.48 ± 0.006
0.38 ± 0.002

−0.04 ± 0.01
0.003 ± 1e-4

51.5 ± 0.08
48.7 ± 0.03

14.74
85.26

0.042 ± .0046
.245 ± 0.006
Total:
0.288 ± .007

1.56

Fig. 7. Temperature variation of Coercivity for CoFe2O4 EW and CoFe2O4 SG NPs
along with its bulk counterparts.

300 K. It is also remarkable that the value of saturation magneti-
sation decreases with the decrease in particle size (Table 2). The
similar result is reported by Gabal et al. [26]. The magnetic perfor-
mance of the ferrite structured nano materials is also influenced
by the distribution of metal cations, which may be different from
that of the bulk sample [34]. The most striking feature regarding
the magnetic properties of the samples in the present study is the
significant increase in the Hc value with the decrease of average
particle size. The presence of large Hc may be attributed to the
surface anisotropy, shape anisotropy, the chemical identity of Co
due to the large orbital contribution to the magnetic moment
and particle size, which is directly correlated to the Hc [34]. The
squareness ratio of both the samples is found to be above 0.5,
suggesting the particles are not in single domain [34]. Again, the
magnetisation values observed are in good agreement with the

results reported in literature, e.g. 74.10 emu g−1 and 60.59 emug−1

(netmagnetisation value) [37]. The enhancement ofmagnetisation
may be attributed to oxygen vacancies in the spinel. This can
reduce the dead layer (spin disorder layer structure) as it has been
previously described by Peddis et al. [37] and can result in values
comparable or higher than its bulk counterparts. A similar be-
haviour has also been observed for NiFe2O4 [38] and ZnFe2O4 [39].
The magnetisation of EW NPs show more surface spin disorder in
compare to SG NPs due to its smaller sizes.

Fig. 8(a, b) shows the room temperature Mössbauer spectra of
the CoFe2O4 NPs synthesised through via SG and EW techniques.
TheMössbauer spectra exhibited (sharp) six finger pattern ofmag-
netic hyperfine field splitting for both the samples. The spectra
have been fitted and analysed using NORMOS computer software
(R.A. Brand, User Manual for NORMOS Software, 1992). Here we
have used non linear least-squares minimisation technique with
the Levenberg–Marquardt algorithm for deriving the spectral line
parameters (Linewidth (Γ ), Isomershift (IS), Quadrupole splitting
(QS), Hyperfine field (Bhf), Area under the sextets (A)). The spectra
have been fitted with two sextet components whose area are
equivalent to Fe ions in two non-equivalent sites [tetrahedral Fe(A)
and octahedral Fe(B)] of the spinel lattice structure. Refinement
of the fitting of the experimental spectra has been repeated by
allowing the variables like linewidth (Γ ), Area under sextet(A), QS,
Bhf, IS to vary while fixing the variables like relative line widths
Γ 23 (Γ 3/Γ 2) and relative area A13 (A3/A1), and A23 (A3/A1) of
the absorption lines in each sextet. The quality of fitting has been
checked by goodness of χ2 value and matching of the refined
pattern with observed spectra. The fitted parameters from room
temperature Mössbauer spectra are given in Table 3. The sextet
with hyperfine field 51.4T had an Isomer shift value 0.48 and the
sextet with hyperfine field 48.8 had an Isomer shift value 0.38.
These hyperfine fields and IS values are consistent to the values
associated with Fe3+ ions at tetrahedral (A) and octahedral (B)
sites, respectively, as reported for ferrite nanoparticles by various
authors [40]. The low values of asymmetric shift, 2 and line width
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Fig. 8. Room temperature Mössbauer spectra of CoFe2O4 EW and CoFe2O4 SG NPs.

(<1 mm/s) points to the well ordered magnetic structure in the
present samples [41].

In order to quantify the site occupancy of Fe ions at A and B
sites of the spinel structure,the linear area ratio (or intensity ratio)
associated with A and B sites (IA/IB) under the two sextets have
been used. The general distribution of Co and Fe ions in CoFe2O4

NPs is:
(
Co2+

1−xFe
3+
x

) [
Co2+

x Fe3+2−x

]
O4 with 0≤x≤1. The coordination

factor x can be estimated bymeasuring the area ratio of tetrahedral
(IA) and octahedral (IB) sextets from the Eq. (1)
IA
IB

=
fA
fB

×
x

(2 − x)
(4)

where fA/fB is the ratio of the recoilless fraction which is 0.94 at
room temperature [42,43]. The estimated site distribution for SG
sample is

(
Co2+

0.44Fe
3+
0.56

) [
Co2+

0.56Fe
3+
1.44

]
O4. The distribution is close

to the distribution
(
Co2+

0.38Fe
3+
0.62

) [
Co2+

0.62Fe
3+
1.38

]
O4 reported byMur-

ray and Linnet [44] for x = 1.04. For EW sample, the estimated
distribution is

(
Co2+

0.69Fe
3+
0.31

) [
Co2+

0.31Fe
3+
1.69

]
O4. These results are in

good agreement with the earlier reports [45]. The magnetic mo-
ment calculated at room temperature in terms of Bohr magneton
(µB) per formula unit (f.u) using the above estimated cation dis-
tribution for SG and EW samples are found to be 3.88 µB/f.u and
4.38µB/f.u respectively. It is to be noted that themagnetic moment
used for Co2+ and Fe3+ ions to be 3µB and4µB, respectively for cal-
culating the moment from cation distribution (which is supposed
to be maximum moment at 0 K). But, experimentally observed
magnetic moment at room temperature using M-H curves for SG
and EW samples are found to be 2.953 µB/ f.u and 1.85/f.u re-
spectively, which are lesser values in that of the values, calculated
using estimated cation distribution. This discrepancy is justified by
taking into account of a considerable number of magnetic spins,
either in surface or core of the particles, in disordered state at room
temperature.

Bio-compatibility of the CoFe2O4 NPs is of major concern in
biomedical applications. Therefore, in order to investigate the bio-
compatibility of the NPs synthesised using both the methods, we
assessed the cytotoxicity of the CoFe2O4 NPs. The effect of same
on cell viability of HeLa cells in 24 h using MTT [46] assay and
LDH [47] assay are shown in Fig. 8. Interestingly, it can be seen
from Fig. 9(a) that the EW samples does not show any remarkable
cytotoxicity even up to the concentration of 500 µM, but in the

case of SG sample the toxicity level increases with increasing the
concentration level up to 500 µM. Fig. 9(b) shows a significant
(p<0.001) proliferation with EW NPs up to 250 µM and p<0.01
for 500 µM. However, SG NPs shows some extent of toxicity at the
concentrations of 250 µM (p<0.01) and 500 µM (p<0.001), but at
lower doses it shows a tendency of non-toxic.

4. Discussion

CoFe2O4 NPs synthesised using both the methods are found
to be crystallised into an inverse spinel structure, however, the
particle size is found to be lesser in case of EW NPs eventhough
the temperature involved is same for both the synthesis tech-
niques. This could be due to the chelating nature of egg white
involved in the synthesis techniques [48]. From the Mössbauer
spectra it may be confirmed that SPM contribution is negligible.
However, from the non saturated M-H curves, it is understood
that the surface spins contribute to the magnetisation, resulting in
such non-saturating tendency in the magnetisation even at such
higher applied magnetic field, which is further verified by the
slight broadening of absorption lines in Mössbauer spectra. The
distribution of particles of different sizes of ferrimagnetic along
with the contribution of surface spin lead to the overlapping of
the tetrahedral and octahedral components in the absorption lines
and subsequent broadened spectra [49,50]. It is observed that EW
NPs have relatively more broadening in absorption lines when
compared to SG NPs. This ascertains the fact that surface spin con-
tribution is more in EW sample which is desirable for biomedical
applications.

The biocompatibility of the CoFe2O4 NPs has been primarily
analysed by two complementary assays viz., MTT and LDH, in
which the former is a measure of cell viability and the latter shows
the measure of cytotoxicity. Evaluating the extend of mitochon-
drial dehydrogenase activity in viable cells and cell membrane
damage shown by the release of lactate dehydrogenase enzyme
in non-viable cells indicated the non-toxic behaviour of EW NPs
under all concentrations and SG NPs below 250 µM. Moreover, it
can be seen from Fig. 8 that the viability of the cells is assessed
by MTT assay which showed and cytotoxicity is evaluated by
LDH assay which proved the safe nature of CoFe2O4 NPs prepared
through EW method. Therefore, the bio-compatibility of CoFe2O4
NPs depends on the synthetic methods involved in which EW is
confirmed to be more promising for the biomedical applications.
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Fig. 9. Cell viability using (a) MTT and (b) LDH using HeLa cells after 24 h incubation with CoFe2O4 EW and CoFe2O4 SG samples in (a) MTT and (b) LDH assay. Datas are
the mean ± SD of three independent experiments;***p<0.001, **p < 0.01,* p < 0.05; ns: not significant relative to control.

5. Conclusions

CoFe2O4 NPs have been synthesised by EW method and com-
pared the results with that of made by CoFe2O4 NPs using SG syn-
thesis. CoFe2O4 NPs formed in the lesser average particles of 45 nm
in EW method. Magnetic properties decrease with the increase in
temperature and suggest the ferrimagnetic nature down to 2K. The
existence of ferrimagnetic state is further explained by Mössbauer
spectra, and confirmed that the estimated site distribution for SG
sample is

(
Co2+

0.398Fe
3+
0.602

) [
Co2+

0.602Fe
3+
1.398

]
O4 and for EW sample,

the estimated distribution is
(
Co2+

0.285Fe
3+
0.715

) [
Co2+

0.715Fe
3+
1.285

]
O4.

The Cytotoxicity studies show that the NPs made by EW method
are biocompatible up to 500 µM concentration. Overall it reveals
that the CoFe2O4 NPs synthesised via EW method having superior
properties like small particle size and less cytotoxic.
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