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ABSTRACT: Ferrites are one of the most studied materials around the globe due to their distinctive biological and magnetic
properties. In the same line, anisotropic MnFe2O4 nanoparticles have been explored as a potential candidate possessing excellent
magnetic properties, biocompatibility, and strong magnetic resonance imaging (MRI) properties such as r2 relaxivity for magnetic
ﬁeld-guided biomedical applications. The current work reports the synthesis and morphological evolution of MnFe2O4 nanocubes
(MNCs) in a hydrothermal process using diﬀerent volume ratios of water and ethanol. The synthesis protocol was designed to
inﬂuence the properties of the ferrite nanocubes, for example, the variation in surface tension, dielectric properties, and the ionic
character of the solvent, and this has been achieved by adding ethanol into water during the synthesis. Pristine MnFe2O4 is formed
with well-deﬁned cubic to irregular cubic shapes with the addition of ethanol, as evidenced from XRD, ﬁeld emission scanning
electron microscopy, and porosity measurements. MNCs have been investigated for magnetic hyperthermia and MRI applications.
Well-deﬁned cubic-shaped MNCs with uniform size distribution possessed a high saturation magnetization of 63 emu g−1 and a
transverse relaxivity (r2) of 216 mM−1 s−1 (Mn + Fe). Furthermore, the colloidal nanocubes showed concentration-dependent
hyperthermic response under an alternating magnetic ﬁeld. The MNCs are biocompatible but advantageously show anticancer
activities on breast cancer MCF 7 and MDA-MB-231 cells.
as hyperthermia agents.2−8 A comparative MRI study of
diﬀerent metal-doped ferrite-based MNPs (MnFe 2 O 4 ,
FeFe2O4, CoFe2O4, and NiFe2O4) was performed by Lee et
al.9 and found that MnFe2O4 with higher magnetization and
magnetic susceptibility exhibited better performance. The
mangafodipir trisodium (MnDPDP, teslascan)−Mn2+-containing contrast agent has been used in clinical studies for hepatic
MRI,10 and Mn(II) chloride (LumenHance) has been used as
an oral contrast agent.11 The shape, size, particle size

1. INTRODUCTION
Recent advances in nanoscale materials have paved the way for
augmenting progress in the ﬁeld of cancer theranostics.1
Among nanoscale materials, magnetic nanoparticles (MNPs)
are extensively being investigated for cancer diagnosis and
therapy. Magnetic materials are classiﬁed as dia, para, ferri,
ferro, and antiferromagnetic materials based on their magnetic
properties. At nanoscale dimensions, ferro and ferri MNPs
exhibit superparamagnetic behavior below a critical size, which
is beneﬁcial for biomedical applications such as magnetic
hyperthermia, magnetically guided and activated drug delivery,
and magnetic resonance (MR) imaging (MRI). Among
superparamagnetic nanoparticles, ferrite-based MNPs
(MFe2O4, where M = Fe, Mn, Co, Ni, Zn, etc.) are commonly
employed. Moreover, these materials are studied for various
applications such as drug delivery and T2 contrast for MRI and
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stability of the samples were measured using a dynamic light
scattering (DLS) Litesizer 500 particle size analyzer. A
Quantachrome Nova Station 1000 instrument was used for
measuring the BET surface area, porosity, and pore size
distribution of the samples by the adsorption and desorption
behaviors of nitrogen gas (77 K).
2.1. In Vitro Studies on Breast Cancer (MCF-7 and
MDA-MB-231) Cell Lines. The cytotoxicity studies were
carried out using nontumorigenic epithelial cells (MCF-10)
and breast cancer cells (MCF-7 and MDA-MB-231). Normal
epithelial cells were cultured in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) with (100 U) 20 μg mL−1 penicillin, 100 μg
mL−1 streptomycin, and 10% fetal bovine serum (FBS). MCF7
and MDA-MB-231 cells were cultured in Ham’s F12 and
DMEM in a 1:1 ratio mixture with 0.01 mg mL−1 insulin, 100
μg mL−1 cholera toxins, 500 μg mL−1 hydrocortisone, 20 mg
mL−1 of the epidermal growth factor (EGF), and 5% chelextreated horse serum. The cells were seeded in 96-well ﬂatbottom titer plates at a density of 5000 cells per well and
incubated for 48 h at 37 °C in a 5% CO2 atmosphere.
The cells were treated with diﬀerent metal ion concentrations of MNCs (25, 50, 100, and 200 μg mL−1 dissolved in
DMSO) and incubated for 48 h. The wells without the
nanoparticle treatment were used as the control, and the
cytotoxicity eﬀect was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
After incubation, the wells were washed twice using PBS.
Then, 100 μL of the MTT dye in DMEM was added and
incubated for another 2 h. Finally, 100 μL of the MTT lysis
buﬀer was added and incubated for 2 h. At 570 nm, the
absorbance was measured using a microplate reader. The cell
viability was calculated by measuring the optical density (OD)
using eq 1

distribution, and surface coating of MNPs play a signiﬁcant
role in biological applications.12 Therefore, the synthesis of
MNPs with a uniform shape and size is of scientiﬁc
importance. There are many reports on the shape-selective
synthesis of MNPs such as rods, cubes, octopods, tetrapods,
disks, rhombohedrons, and so forth.13−19 The shape and size
of MNPs signiﬁcantly change their physicochemical properties.
For example, the size of the iron oxide nanoparticle determines
its ferromagnetic or superparamagnetic behavior due to the
size-dependent spin-exchange eﬀect, while shape-induced
magnetocrystalline anisotropy switches the properties of
MNPs.20−22 It is reported that MNPs with shape anisotropy
have greater performance when used in T2-weighted MRI due
to their eﬀective radii.23−25
At present, many aqueous and nonaqueous synthesis
methods such as chemical co-precipitation,26 microemulsion,27
thermal decomposition,28 polyols,29 hydrothermal,30 and
sonochemical31 have been used to prepare MNPs. Among
the aqueous methods, the chemical co-precipitation process is
carried out at low temperature and hence mostly adopted. In
this synthesis method, MNPs are formed at a pH of around
10−11. However, the ferrite solution containing Fe2+ and Fe3+
has a pH value of 1−2. Thus, to maintain the basicity, solutions
of NaOH or KOH or NH4OH etc. are certainly added to the
ferrite solution.32 Nonhomogeneity of this solution is a
hindrance for the formation of uniform-sized particles, which
is considered as a major drawback of this method. In the
nonaqueous method, high-temperature organic phase synthesis
of MNPs has been commonly employed as it gives a narrow
distribution of particle size range of up to 20 nm.33−35
However, MNPs synthesized by this method are hydrophobic,
and hence, phase transfer of MNPs is a necessary step for
biological applications. These diﬃculties suggest a diﬀerent
approach to synthesize size and property-tunable MNPs
dispersible in aqueous solutions for further use in biological
applications.36
In this work, a facile solvothermal approach has been
adopted to synthesize cubical-shaped poly(ethylene glycol)
(PEG)-diacid-functionalized MnFe2O4 nanoparticles. Here,
the solvothermal synthesis route used is analogous to the
hydrothermal method, except for the use of ethanol as a
solvent instead of water alone. The morphology of MNCs
changes with the variation in the proportion of the reaction
solvent from water to ethanol. The synthesized MNCs are
evaluated for cytotoxicity, MRI, and hyperthermia studies.

cell viability(%) =

mean OD
× 100%
control OD

(1)

2.2. Magnetic Hyperthermia. The magnetic hyperthermia (MHT) measurements were carried out by placing
the MNP dispersion in an alternating magnetic ﬁeld (AMF)
generated using an Ambrell Easyheat-8310, 4.2 kW system.
The dispersion was kept in a 2 mL vial and placed inside an
induction coil of a diameter of 0.034 m. The rise in the
temperature of the sample was measured using the temperature
probe (optical ﬁber). The speciﬁc absorption rate (SAR)
values of the samples with diﬀerent concentrations of 0.5, 1,
and 2 mg mL−1 were calculated from the slope of the time
versus temperature plot by using eq 2

2. CHARACTERIZATION TECHNIQUES USED
The crystal structure of the nanoparticles was examined using a
powder XRD (X-ray diﬀractometer) D8 ADVANCE Bruker
diﬀractometer using a Cu Kα radiation source at 40 kV. The
crystallite sizes were calculated using d = kλ/(βcosθ), Debye−
Scherrer’s equation, where λ = 1.5406 Å, k = 0.9, β = full width
at half-maximum (FWHM), and θ = diﬀraction angle.
Structural reﬁnements using the Rietveld method were carried
out by the PDXL-2 program. Field emission scanning electron
microscopy (FESEM) was used to record the microstructure of
the samples employing a Carl Zeiss Neon-40 ﬁeld emission
scanning electron microscope. The magnetic parameters of
MNCs were measured at room temperature (300 K) using a
vibrating sample magnetometer (VSM, Lake Shore). Fourier
transform infrared (FTIR) spectra of the samples were
recorded in the range of 400−4000 cm−1 using a Shimadzu
IR Prestige instrument. The hydrodynamic size and colloidal

SAR = C Water ×

1
ΔT
×
m
Δt

(2)

where CWater is the speciﬁc heat of water which is equal to 4.18
J g−1 °C−1, m is the mass of the MNPs in the aqueous
suspension, and ΔT/Δt is the initial slope of the temperature
curve.
2.3. In Vitro Magnetic Resonance Imaging Using
Phantom Agar Gels. A BRUKER (7 T) Animal MRIBioSpec-70/30-USR was used for the relaxivity measurement.
For the MRI contrast study, the relaxivity measurement of the
magnetic material was compared with respect to the proton
relaxation rate. To measure the transverse relaxation (r2),
suspensions with various concentrations (metal ions, Mn + Fe)
from 0 to 1 mM of MNCs were prepared in agarose gel. T2
relaxation times were obtained using a multiecho multislice
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lowering of temperature, the composition of the solvent, etc.40
The more signiﬁcant number of nuclei formed when the S
value was larger than unity. The Gibbs free energy (ΔG*) from
the supersaturated state to the equilibrium state at a
temperature T is given by

sequence. To measure T2 relaxations, the parameters such as
repetition time (TR) = 2500 ms, echo time (TE) = 33 ms, ﬁeld
of view = 8 mm, thickness = 1.5 mm, and matrix resolution =
256 × 256 pixels were used.

3. RESULTS AND DISCUSSION
3.1. Structural, Microstructural, and Surface Properties. The intensities and relative position of the diﬀraction
peaks in XRD patterns of diﬀerent MNCs conﬁrm the
formation of MnFe2O4 (Figure 1a). The relative intensities

ΔG* =

(4)

where k is Boltzmann’s constant, T is the Kelvin temperature, J
is the nucleation rate, and Jo is the rate constant. Equation 5
dictates that the nucleation increases with the degree of
supersaturation. Additionally, by the Kelvin equation,39 the
relationship between the nuclei radius and the supersaturation
can be expressed as
ln S =

and their peak positions are found to be similar. The diﬀraction
peaks at 2θ values of 29.7, 34.9, 42.5, 52.6, 56.2, and 64.7°
match with the (220), (311), (400), (422), (511), and (440)
planes of the face-centered cubic spinel structure of MnFe2O4
(JCPDS 74-2403), respectively. The absence of any extra peaks
indicates that no secondary phases are present. No crystalline
peak in XRD patterns due to surface coating is observed. The
crystallite sizes are found to be 33 ± 2.1, 35 ± 1.5, 37 ± 2, 30
± 1.2, and 30 ± 0.8 nm for the samples S1:0, S3:1, S1:1, S1:3,
and S0:1, respectively. Rietveld reﬁnement was carried out
using PDXL 2 software for crystalline properties. The cubic
phase and Fd-3m space group have been considered for
reﬁnement. Figure S1 and Table S1 show the Rietveld
reﬁnement XRD analysis and reliability factors of the samples.
The goodness of ﬁt S = Rwp/Re, where Rwp and Re are,
respectively, the R-weighted and R-expected patterns. The low
value of goodness of ﬁt in all cases justiﬁes the goodness of
reﬁnement. The crystallite sizes obtained from Rietveld are
28.9, 31.4, 35.2, 26.8, and 26 nm, which are very close to the
calculated values. It was inferred that crystallite size varied with
ethanol concentration. This may be due to the role of the
solvent during the synthesis process of nanoparticles. It is well
known that the dielectric constant and surface tension of
diﬀerent solvents are diﬀerent. The surface tensions of water
and ethanol at 25 °C are 77.82 and 22.39 dyn cm−1,
respectively; however, the respective dielectric constants at
20 °C are 80.1 and 25.3.37 Addition of ethanol to water
changes the dielectric constant of the solvent and aﬀects the
colloidal interaction between particles.38
By classical nucleation theory,39 the formation of particles
depends on the supersaturation (S) of the solute and is given
by
C
Ci

16πν 2γ 3
3(kT )2 (ln S)2

where γ is the surface energy per unit area and ν is the
molecular volume of the solute. The nucleation rate can be
determined by substituting eq 4 into the Arrhenius rate
equation which is given by
ÅÄÅ
ÑÉ
Å
16πν 2γ 3 ÑÑÑ
ÑÑ
J = Jo expÅÅÅÅ−
ÅÅÇ 3(kT )3 (ln S)2 ÑÑÑÖ
(5)

Figure 1. (a) XRD patterns of MNCs and (b) FESEM image with the
inset graph representing particle size distribution for the sample S1:0.

S=

Article

2mγ
rkTρ

(6)

The equilibrium concentration of the solute in the saturated
solution is given by
ÄÅ
ÉÑ
2
ÅÅÅ
ÑÑÑ
z
z
e
+
−
ÑÑ
C liquid ≈ expÅÅÅ−
ÅÅÇ 4πε0εkT (r+ + r −) ÑÑÑÖ
(7)
where ε0 is the permittivity in vacuum and ε is the dielectric
constant in a given solution. The symbols r+ and r− represent
the radii of ions having respective charges of z+ and z−.41 The
combination of eqs 3, 6, and 7 results in
2mγ
z + z − e2
= ln C +
rkTρ
4πε0εkT (r+ + r −)

(8)

Hence, the relation between the dielectric constant and
particle radius can be written as
1
B
=A+
r
ε

(9)

where A = kTρ/2mγlnC and B = ρz + z − e2/8πmγε0(r+ + r−).
In the mixed solvent, A and B are constants, and therefore, if
the dielectric constant of the solvents changes, there will be a
change in supersaturation which aﬀects the nucleation and
particle sizes.
Surface coating of MNCs with PEG-diacid was studied by
FTIR absorption spectra. FTIR spectra of all the samples are
shown in Figure S2. The corresponding peaks of PEG-diacid
observed at 1610 cm−1 are due to the −COO− asymmetric
stretching of the COOH group in PEG-diacid. Further
symmetric stretching observed at 1421 cm−1 due to the
vibrational mode of −COO− and at 1075 cm−1 due to the
carboxylic C−OH bending vibration mode conﬁrms the
presence of PEG-diacid on the MNC nanoparticles. The
presence of a hydrogen bond was conﬁrmed by the O−H
stretching vibration of the hydroxyl group at 3342 cm−1. The
strong absorption band at 520 cm−1 is attributed to metal
oxide (Fe−O and Mn−O) vibrations.42−44 The presence of

(3)

where C is the solute concentration and Ci is the saturation
concentration. The supersaturation can be achieved by
changing the pH of the reaction, evaporation of the solvent,
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Figure 2. Contact angle measurement of MNCs; (a) S1:0, (b) S3:1, (c) S1:1, (d) S1:3, and (e) S0:1.

The TEM image of the S1:0 sample is included in the
Supporting Information, Figure S7, which conﬁrms the
formation of the cubical shape. When the concentration of
ethanol in the solvent is increased, as in the case of 3:1 and 1:1
ratios, an increase in average particle size (Figure 3a,b) and

the above vibrational bands conﬁrms the formation and surface
functionalization of MNCs.
For biological applications such as drug delivery, hyperthermia, and MR imaging, the MNPs should neither aggregate
nor disintegrate and should possess good colloidal dispersion.
To study this, the DLS experiment was carried out for MNCs
at room temperature. The hydrodynamic diameter and zeta
potential were measured in deionized (DI) water. Table S2
gives the zeta potential values (in the range from −25 to −33
mV) for all samples which assure the highly stable nature of
MNCs at room temperature, validating the presence of surface
coating. The hydrodynamic diameters of MNCs in DI water
are found to be in the range of ∼200 to 300 nm (Figure S3).
The hydrodynamic size and zeta potential value ensure that the
nanoparticles are highly stable for biomedical applications. The
hydrophilic and wettability nature of MNCs was studied by
measuring the contact angle of the colloidal sample. The
hydrophilicity nature of nanoparticles plays a signiﬁcant role in
steric stabilization which is quantiﬁed in terms of contact angle.
Surfaces with contact angles greater than 90° are hydrophobic
in nature, whereas surfaces with contact angles less than 90°
are categorized as hydrophilic. Figure 2 depicts the static
contact angle of 46 to 77°, implying the hydrophilic nature of
the MNCs. The main advantage of the use of PEG-diacid is
that it provides a hydrophilic surface to MNCs which gives a
stable colloidal suspension beneﬁcial for in vitro or in vivo
applications. PEG-diacid is relatively nontoxic to the cellular
system, and large quantities are absorbed in cellular
membranes. This is because PEG is known to associate with
membrane phospholipid headgroups and in process such as
protein puriﬁcation.45,46 MNCs with the PEG-diacid surface
can be used directly without further phase transfer for
biological applications such as hyperthermia and MRI.
The microstructural size and surface morphology of MNCs
were calculated and analyzed from FESEM images, and the
particle size distribution was calculated using the Gaussian
function. From FESEM images, the variation in the average
size of MNCs with the addition of ethanol is clearly seen,
which shows that the size of the MNCs can be manipulated by
adjusting the solvent ratio in the reaction. The FESEM image
of S1:0, as shown in Figure 1b, with no ethanol in the solvent,
shows a cubic shape with an average diameter of 135 nm.
Agglomeration seen in the images may be due to the magnetic
dipolar interaction and van der Waals force among particles.

Figure 3. FESEM images of (a) S3:1, (b) S1:1, (c) S1:3, and (d) S0:1
showing variation in the shape of the nanoparticles with the amount
of added ethanol.

Supporting Information Figure S4) is observed and found to
be 140 and 147 nm, respectively, due to the increase in the
nucleation of manganese ferrite in the solution. In general, the
growth of the metal oxide takes place in two stages, which
involves nucleation of the primary particles and aggregation.
Basically, nucleation depends on the rate of dissolution of an
ionic compound in a solvent. Based on the electrostatic model
proposed by Burger,47 the chemical potential of the phase
when the solute precipitates from a supersaturated ideal state
into a solution is given by
° + kT ln Csolid = μ liquid
° + kT ln C liquid
μsolid

(10)

where “solid” and “liquid” in the subscripts stand for the solid
phase and liquid phase, respectively, μ° is the standard
chemical potential, k is Boltzmann’s constant, T is the Kelvin
temperature, and C is the concentration of the solute. The
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temperature are given in Figure 4. The saturation magnetization Ms, coercivity Hc, remanent magnetization Mr, and

energy required to separate the charged ions from the ideal
solid state is given by Coulomb’s interaction41
Δμ° ≈

z + z − e2
4πε0ε(r+ + r −)

Article

(11)

The symbols z+ and z− are charged ions with the radii of r+
and r−, respectively, ε is the dielectric constant in a given
solution, ε0 is the permittivity in vacuum, and e (elementary
charge) = 1.602 × 10−19 C. The equilibrium concentration of
the solute in the saturated solution is given by combining the
above equations
ÄÅ
ÉÑ
ÅÅ
ÑÑ
z + z − e2
Å
ÑÑ
Å
C liquid ≈ expÅÅ−
Ñ
ÅÅÇ 4πε0εkT (r+ + r −) ÑÑÑÖ
(12)
From the equation, the dielectric constant (ε) of the
solution is inversely proportional to the logarithm of the
equilibrium concentration of the solute, that is, ln Cliquid. This
shows that when the dielectric constant of the solution is
higher, the solubility (Cliquid) is large; hence, the nucleation is
high. Thus, the solubility of the precursor in water is larger,
resulting in a faster release of OH− ions, and more nuclei
formed explain the increase in the size of MNC nanoparticles
with an increase in the amount of ethanol. However, further
addition of ethanol to the solvent, for example, in 1:3 and 0:1
ratios, samples S1:3 and S0:1 exhibit irregular shapes with
particle sizes of 122 and 113 nm, respectively (Figure 3c,d).
When excess ethanol is added to the reaction solvent, hydroxyl
groups exist on the surface of the precursor, which adsorbs
ethanol molecules via hydrogen bond formation. As the
addition of ethanol increases in the solvent, the adsorption of
ethanol increases on the surface, which decreases the solubility
of the precursor. As a result, when there were more ethanol
molecules on the surface, the dissolution−crystallization
process of the precursor was inhibited by the growth and
coalition of the particles, leading to smaller-size MNCs.48
Thus, the polarity of the solvent has a signiﬁcant inﬂuence on
the shape and size the nanoparticles.
N2 adsorption−desorption isotherm measurements were
carried out to investigate the pores in the nanoparticles, as
shown in Figure S5. The isotherms of nanoparticles exhibit a
type IV isotherm resembling H2 hysteresis. Such a hysteresis
loop is due to the microporous nature of the samples as per
IUPAC classiﬁcation.49 These loops are observed at high
relative pressures in the range of 0−1.0, which suggest the pore
formation due to the loose arrangement of particles. For all the
samples, the average pore diameters are found to be ∼1.4 nm.
Usually, the loops appear due to the capillary condensation
from micropores to macropores at relatively high pressure.
BET results show that all the samples have a microporous
structure, and even from FESEM images, no macropores were
seen. The values obtained from the BET analysis are listed in
Table S3 (Supporting Information). It is observed from the
BET surface area (SBET) data that the total pore volume ﬁrst
decreases and then increases with the amount of ethanol. For
the sample prepared with only ethanol as a solvent, the BET
surface area is found to be 72.23 m2 g− 1 and it can be assumed
that an adequate amount of ethanol has an immense eﬀect on
improving the surface area of mesoporous nanoparticles. The
BET results elucidate that the mixed solvent can aﬀect the pore
size and speciﬁc surface area.
3.2. Magnetic Properties. Magnetization (M) versus
applied ﬁeld (H) plots for diﬀerent MNCs at room

Figure 4. Hysteresis loops of diﬀerent MNCs at room temperature
(the inset is the magniﬁed view).

susceptibility χ for MNCs are listed in Table 1. The S1:0
nanoparticles possessed the highest Ms of 62 emu g−1, Mr of 6
emu g−1, and Hc of 86 Oe, indicating a weakly ferromagnetic
behavior. The Ms values of MNCs prepared with the addition
of ethanol decrease and are found to be 56.96, 41.5, 37.73, and
35.59 emu g−1 for S3:1, S1:1, S1:3, and S0:1, respectively. Even
if the saturation magnetization is an intrinsic property of the
material, the Ms values of MNC are signiﬁcantly lower
compared to that of bulk MnFe2O4 (Ms = 80 emu g−1),
which may be due to the surface eﬀect in nanomaterials. The
initial magnetic susceptibility (χm) of the samples is calculated
by the initial slope of the M−H curve and is found to be ∼10−2
emu g−1Oe−1. Interestingly, χm linearly decreases with the
concentration of ethanol used during the preparation of
materials. For the applied ﬁelds of 444 and 565 Oe (ﬁelds
utilized in hyperthermia), the susceptibilities are calculated and
provided in Table 1. There are no signiﬁcant decrease in
susceptibilities with the application of H, which is advantageous for hyperthermia. These changes in magnetic parameters
are due to variation in the microstructure, morphology, and
particle size, which leads to diﬀerent spin disorders at the
surface.50 By Neel’s model, the magnetic moment (m) for
MnFe2O4 is the magnetic moment of ions in the octahedral
sites (mB) to the magnetic moment at tetrahedral sites (mA).
Hence, the magnetic moment highly depends on the cation
distribution in A and B lattices. In the present study, the
addition of ethanol may result in the decrease of Ms of MNCs
due to migration of Fe3+ and Mn2+ from octahedral to
tetrahedral sites.50 From the inset graph, it is observed that
remanence and coercivity are dependent on the crystallite size
of the sample. In general, coercivity is based on shape
anisotropy, magnetocrystalline anisotropy, exchange anisotropy, etc. In this work, the variation in coercivity may be due to
the shape anisotropy in the MNC. It is reported that
magnetocrystalline and exchange anisotropy changes with the
substitution of A- and B-site cations in MnFe2O4.50
3.3. Heat Generation in Magnetic Colloids. The
absorption eﬃciency of materials to generate heat due to the
applied AMF is measured in terms of the SAR. The
transformation of magnetic energy into heat due to the
application of AMF is governed mainly by hysteresis loss and
the relaxation process. In general, relaxation types are Néel and
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Table 1. Parameters Associated with MNCs as per the Data Obtained from VSM and MRI
χ(emu.g−1 Oe−1)
samples

Ms (emu g )

Mr (emu g )

Hc (Oe)

initial

at 444 Oe

at 565 Oe

r2 (mM−1 s−1)

S1:0
S3:1
S1:1
S1:3
S0:1

62.73
56.96
41.5
37.73
35.59

6.8
9.1
10.2
4.3
2.1

86.6
115.5
135.9
78.6
22.3

0.0716
0.0701
0.0514
0.0467
0.044

0.077
0.0703
0.0512
0.0462
0.0437

0.0631
0.0579
0.0428
0.0376
0.0357

215.72
213.68
197.12
156.84
113.58

−1

−1

Figure 5. Time versus temperature plot of the diﬀerent MNCs at diﬀerent concentrations with the application of AMF of a ﬁeld strength of 35.28
kA m−1 and a frequency of 316 kHz; (a) at 2 mg mL−1, (b) at 1 mg mL−1, and (c) at 0.5 mg mL−1.

Table 2. SAR Values for MNCs at AMF of Diﬀerent Field Strengths
SAR in W g−1
300 Amps

235 Amps

samples

2 mg mL−1

1 mg mL−1

0.5 mg mL−1

2 mg mL−1

1 mg mL−1

0.5 mg mL−1

S1:0
S3:1
S1:1
S1:3
S0:1

391.3
331.78
269.15
293.81
121.47

195.69
162.45
131.90
196.90
64.84

158.8
145.1
149.8
99.12
55.33

322.15
268.82
264.97
188.03
132.61

161.07
134.41
132.48
94.0
66.3

137.97
131.691
92.95
53.83
37.12

ms−1 for hyperthermia measurements (Figure S6). In this
work, the hyperthermia temperatures are promisingly achieved
within few minutes. To calculate SAR values (W g−1), the
initial slope of the temperature−time graph was used, and the
values are shown in Table S4. An increase in SAR value was
observed as the ﬁeld strength increased from 15 to 45 kA m−1
and found that SAR values vary with the square of the ﬁeld
intensity.54 A comparison of the SAR values of MnFe2O4
nanoparticles with other reported values55−57 suggested that
the obtained SAR value for the MNCs at 235 and 300 Amps in
this work shows excellent performance. In fact, the SAR values
of the MNCs are comparable to those of the commercial
MNPs 09-56-132 (Micromod, Germany, SAR = 183 W g−1),
Fluidmag/C11-D (Chemicell, Germany, SAR = 173 W g−1),
SEI-10-05 (Ocean NanoTech, USA, SAR = 131 W g−1), and
HyperMAG A (nanoTherics, UK, SAR = 396 W g−1).58
3.4. In Vitro Cell Cytotoxicity. The cytotoxicity study of
functionalized MNCs was carried out on two diﬀerent breast
cancer cell lines (MCF-7 and MDA-MB-231) and normal
epithelial cell MCF-10 cell lines at diﬀerent concentrations of
MNCs (normalized in terms of metal ion concentrations of 25,
50, 100, and 200 μg mL−1) and incubated for 48 h at 37 °C.
The two diﬀerent breast cancer cells are invasive and have
many phenotypic/genotypic diﬀerences. MCF-7 cells are
estrogen-dependent with a positive receptor, whereas MDAMB-231 are triple-negative with an estrogen-negative receptor.59 Hence, this study was aimed to evaluate the cytotoxic

Brownian relaxations. Néel relaxation occurs due to change in
the magnetic moment orientation, whereas Brownian relaxation is due to the physical rotation of particles within the
colloidal suspension. The phase lag occurring between AMF
and the magnetic moment direction due to these relaxations
tends to generate thermal losses.51 The concentration eﬀect on
the hyperthermic response of the MNCs at various
concentrations of 0.5, 1, and 2 mg mL−1 was examined
under a 316 kHz frequency of AMF and a ﬁeld strength of 35
kA m−1 (Figure 5). It is observed that there is a gradual
increase in temperature with time upon increasing the
concentration of samples. The SAR values increase signiﬁcantly
with concentrations (Table 2). These results suggested that
there is an increase in dipolar interactions due to the
concentration which leads to stabilizing the nanoparticles
against re-orientation to the applied ﬁeld.
In order to evaluate the eﬀect of magnetic ﬁeld intensity, the
samples were taken at the concentrations of 0.5, 1, and 2 mg
mL−1 and exposed to AMF of a ﬁeld strength of 45 kA m−1
keeping other parameters the same at a ﬁxed frequency of 316
kHz. For hyperthermia therapy, Atkinson and Brezovich
reported the product of frequency (f) and ﬁeld strength (H)
as per the patient’s tolerance limit to be 4.85 × 108 A ms−1.52
However, for clinical studies, H should be in the range of 100−
400 Oe and f should be between 100 and 250 kHz, which may
vary depending on heat requirement and the tumor site.53
Here, we have used the maximum H·f value of 4.7 × 109 A
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Figure 6. Cell viability proﬁles after treating with diﬀerent concentrations of MNCs after 48 h of incubation period; (a) MCF-10, (b) MCF-7, and
(c) MDA-MB-231.

the normal and cancer cells after incubation with MNCs at the
concentration of 200 μg evidence that the breast cancer cells
were gone through the necrosis process (Supporting
Information, Figure S8).
3.5. MRI Relaxation Properties of MNCs Using
Phantom Agar Gel. The T2-contrast ability of MNCs was
evaluated by measuring r2 relaxivity at diﬀerent metal ion
concentrations of 0.25 to 1 mM. The data obtained from
BRUKER 7 Tesla Animal MRI were exported to Matlab
software (Mathworks, Natick, MA), and T2 mapping was done
using a nonlinear regression algorithm to calculate the
relaxation time. Then, r2 relaxivities were calculated from the
slope of the graph plotted with 1/T2 versus metal ion
concentration, as shown in Figure 7a. The inverse relaxation
time with respect to the sample concentration was calculated
by

eﬀect of diﬀerent cell lines in vitro. It was found that the
nanoparticles are biocompatible as experimented in MCF-10
(Figure 6a). Conversely, MCF-7 and MDA-MB-231 treated
with MNCs showed a signiﬁcant decrease in cell viability. The
cell viability of MCF-7 and MDA-MB-231 signiﬁcantly
decreased to ∼50 and 60%, respectively, when treated with
MNCs at a concentration of 200 μg mL−1 (Figure 6b,c). The
diﬀerent responses of MDA-MB-231 and MCF-7 cell lines
toward the cytotoxicity are possibly due to the diﬀerence in
their molecular mechanisms. The cell death may be due to the
reactive oxygen species (ROS) generation by MnFe2O4, which
are very toxic toward the cancer cells and can be explained as
follows: in acidic cancer cell pH (∼4−5), MnFe2O4 may
disintegrate into Mn2+, Fe2+, and Fe3+ ions. The resulting
leached Mn2+ ions play a prime role in the generation of ROS
by dissociating H2O2 present in the mitochondria into
hydroperoxyl (HOO•) and hydroxyl (HO•) radicals through
Fenton’s reaction.60,61 The possible mechanism is outlined
below

R1,2C =

Mn 2 + + H 2O2 → Mn 3 + + HO• + OH−

1
1
−
T1,2(C)
T1,2(0)

H 2O2 + HO• → H 2O + HOO•
Mn 3 + + HOO• → Mn 2 + + H+ + O2

Similar behaviors were found in earlier research as
well.6,62−64 Another possible reason can be due to ferroptosis,
that is, iron-dependent cell death caused by lipid peroxidation.
The Fe2+ or Fe3+ ion release from MnFe2O4 in the tumor site is
more pronounced than that at the normal tissue. Released iron
can participate in the Fenton reaction and induce ferroptosis of
the tumor cell.62,65,66 S0:1 possesses a relatively higher
cytotoxicity eﬀect, which may be due to the irregular shape
and the decrease in the nanoparticle size, resulting in more
surface area to react with the cells. The microscopy images of

Figure 7. (a) T2 imaging of MNCs in 1.5% agar solution at diﬀerent
concentrations and (b) plot of transverse relaxivity (r2) against Mn +
Fe concentration (mM).
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solvents used were DI water and ethanol in diﬀerent volume
ratios of 1:0, 3:1, 1:1, 1:3, and 0:1. The mixture was
continuously stirred at room temperature under an inert
atmosphere (N2 gas) for 10 min. 5 mL of ammonium
hydroxide was then injected into the mixture and stirred
continuously for another 15 min. The contents were then
transferred to a 100 mL Teﬂon line stainless-steel autoclave
and kept in a furnace for 18 h at a temperature of 180 °C.
Once the solution cooled down to room temperature, the
material was collected using a magnetic separation method by
washing in a water−ethanol mixture ﬁve times. The samples
were allowed to dry at room temperature under vacuum
conditions. The dried-up nanoparticles formed were named
S1:0, S3:1, S1:1, S1:3, and S0:1, respectively, for 1:0, 3:1, 1:1,
1:3, and 0:1 volume ratios of water and ethanol used during
the reaction.

12where R1 and R2 are the longitudinal and transverse
relaxivities, respectively; C is the concentration; and T1(0)
and T2(0) are the proton relaxation times.67,68 It is observed
that there is a decrease in T2 time and the image contrast gets
darker with an increase in concentration. The r2 values
calculated from the plot of 1/T2 versus Mn + Fe concentration
are illustrated in Figure 7b. The r2 values are found to be
215.72, 213.68, 197.12, 156.84, and 113.58 mM−1 s−1 for S1:0,
S3:1, S1:1, S1:3, and S0:1, respectively. The relaxivity is
directly proportional to the concentration and saturation
magnetization Ms of the particle, and hence, S1:0 shows a
higher r2 value. The obtained r2 values are comparable to
those of the commercially available products resovist (151.95
mM−1 s−1), ferumoxytol (84.9 mM−1 s−1), ferumoxtran (160
mM−1 s−1), and ferucarbotran (239.2 mM−1 s−1).69,70 This
proves that MNCs have the ability to produce signiﬁcant
contrast in body tissues.

■

4. CONCLUSIONS
The PEGylated manganese ferrite nanoparticles processed by
the solvothermal method showed morphological changes with
variation in solvent ratios. Cubic-shape particles have been
formed in the water solvent, and the size as well as morphology
of the particle changed with the addition of ethanol due to the
variation in dielectric constant and surface tension of the
solvent. PEG-diacid coating on the nanoparticles provided
colloidal stability suitable for biomedical applications. The
nanoparticles possessed high saturation magnetization (Ms)
and low coercivity (Hc) values, indicating a ferromagnetic
behavior. A variation in coercivity and magnetization in MNCs
occurred possibly due to the shape anisotropy. The MNCs
exhibited better SAR values due to superior magnetic
properties which depend not only on the concentration of
the MNCs but also on the applied AMF of various ﬁeld
strengths at a constant frequency of 316 kHz. With an increase
in concentration of MNCs and ﬁeld strength, the SAR values
increased signiﬁcantly due to the increase in dipolar
interactions. MNCs possess improved r2 relaxivity, which is
proportional to the concentration and saturation magnetization
Ms of the particle. The SAR and relaxivity are comparable to
those of commercially available materials. The cytotoxicity
study conducted in breast cancer cells (MCF-7 and MDA-MB231) and normal epithelial cell MCF-10 cell lines revealed that
the MNCs are biocompatible but possessed a signiﬁcant toxic
eﬀect to breast cancer cells, probably due to generation of ROS
and/or ferroptosis. The MHT, MRI, and in vitro studies ensure
the potential application of MnFe2O4 nanoparticles in cancer
theranostics.

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c05382.
Rietveld reﬁnement for XRD, FTIR patterns of MNCs,
hydrodynamic diameter and zeta potential of MNCs
obtained from DLS, particle size distribution from
FESEM images, N2 adsorption−desorption isotherms,
slope values calculated from the temperature versus time
plot, time versus temperature plot and SAR values of the
diﬀerent MNCs at AMF of a ﬁeld strength of 15 kA m−1,
TEM image of the sample S1:0, and optical microscopy
images of cell lines after treatment (PDF)

■

AUTHOR INFORMATION

Corresponding Author

Niroj Kumar Sahu − Centre for Nanotechnology Research,
Vellore Institute of Technology, Vellore 632014, Tamil Nadu,
India; orcid.org/0000-0002-0499-4108; Email: nirojs@
vit.ac.in, sniroj.phy@gmail.com
Authors

Chandunika R. Kalaiselvan − Centre for Nanotechnology
Research, Vellore Institute of Technology, Vellore 632014,
Tamil Nadu, India
Nanasaheb D. Thorat − Medical Science Division, Nuﬃeld
Department of Women’s & Reproductive Health, John
Radcliﬀe Hospital, University of Oxford, Oxford OX3 9DU,
U.K.; orcid.org/0000-0001-6343-527X
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c05382

5. MATERIALS AND METHODS
Analytical-grade chemicals were used as received. Iron(III)
chloride hexahydrate (FeCl3·6H2O, 98.9% purity), manganese
chloride(II) tetrahydrate (MnCl2·4H2O, 98%), ammonium
hydroxide (NH4OH), poly(ethylene glycol)bis(carboxymethyl)ether (PEG-diacid, Mw = 600), phalloidin−tetramethylrhodamine B-isothiocyanate conjugates, MTT
(98%), and 4,6-diamidino-2-phenylindole (DAPI, 98%) were
purchased from Sigma-Aldrich. Antimycotic, antibiotic solutions and DMEM were obtained from Hi-Media.
In a typical synthesis procedure, 702.45 mg of FeCl3·6H2O
and 161.87 mg of MnCl2·4H2O and 5 g of PEG-diacid were
mixed in 60 mL of the solvent in a round-bottom ﬂask. The
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A.; Lancz, G.; Tomašovičová, N.; Timko, M.; Kovác,̌ J.; Vávra, I.;
Fabián, M.; Feoktystov, A. V.; Garamus, V. M.; Avdeev, M. V.;
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