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a b s t r a c t

Over the past decade, transition metal-based ferrite nanostructures, displaying MFe2O4 stoichiometry
(M2+ cations, e.g.,Mn, Co, Ni and Zn), have been devised and examined primarily owing to their promising
applications in cancer nanomedicine. Among these multi-functional spinel ferrites, manganese ferrite
(MnFe2O4) deserves special attention because it unveils exciting magnetic properties, high chemical sta-
bility, and excellent biocompatibility, which are crucial prerequisites for advanced biomedical applica-
tions in solving real-world clinical problems. This review addresses MnFe2O4 nanostructures, including
their numerous synthesis approaches, detailed physicochemical properties, surface functionalization
strategies, cytotoxicity kinetics, along with a particular emphasis on their potential applications in
advanced cancer care. Herein, we discuss diverse features of MnFe2O4 nanostructures, demonstrating
both spherical and anisotropic morphologies and networks as futuristic cancer theranostic agents for effi-
cient employment in magnetic resonance imaging (MRI), magnetic hyperthermia and targeted drug
delivery in a safe, targeted and cost-efficient manner. Finally, future research trends and applications
of MnFe2O4 nanostructures are also recommended and examined.
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1. Introduction

In the recent times, cancer has been considered as one of the
leading causes of death worldwide, accounting to nearly 10 million
deaths in 2020, according to a report published by World Health
Organization (WHO) [1]. Therefore, it poses a severe threat to
human health. It is a disease that can manifest in any part of the
organ or tissue of the living system when there is an uncontrolled
and abnormal cell growth with the rapid cell division [2]. Among
currently available treatment interventions for the treatment of
cancer, surgery is considered the most effective and widely used
modality. Radiotherapy and chemotherapy are also used in combi-
nation with surgery, depending upon the type and stage of cancer.
In recent years, several new strategies involving metallic, magnetic
and semiconductor nanoparticles (NPs) of different sizes and
shapes have been implemented to revolutionize cancer nanomedi-
cine [3–9]. Cancer nanotechnology has played a pivotal role not
only in restricting the growth of original tumor, however, it also
holds the potential to eradicate malignant tissues developed else-
where in the body via metastasis and are not responding to stan-
dard treatment procedures. These tiny particles, when
appropriately functionalized with the most suitable biomolecules,
carry the potential to migrate to specific cells and tissues in the
cancer microenvironment. Because of the reduced size effect, these
tiny particles display substantial surface area which primarily
increases the nanoparticle-binding affinity with certain ‘classic’
chemotherapy drugs, ligands and antibodies, thus promoting tar-
geted delivery and controlled release in a safe and targeted fashion
[10]. Among the different classes of nanoparticles (NPs), magnetic
NPs (MNPs) received considerable attention in the field of biomed-
ical science and engineering. MNPs find extensive applications in
magnetic resonance imaging (MRI) [11–15], targeted drug delivery
[16–20], magnetic hyperthermia [21–23], bio magnetic separation
[24–26], biosensors [27–30], and many more. As the particle size is
reduced below a certain critical diameter (usually below 20–
30 nm), the domain walls get shortened, and it eventually behaves
as a single magnetic domain particle. When the anisotropy energy
overcomes the thermal energy kBT, superparamagnetism occurs in
MNPs. Various forms of magnetic particles with different composi-
tions have been devised and evaluated for biomedical applications
to exploit their nanoscale magnetic phenomena. Changing the size,
structure, composition, morphology, and surface chemistry
improve the magnetic properties and significantly impact the
behavior of NPs for in vivo applications [31].

Very recently, the transition-metal based ferrite NPs, exhibiting
MFe2O4 (M2+ cations eg., Mn, Co, Ni and Zn) stoichiometry, have
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been extensively explored for advanced biomedical applications
[32]. Various ferrites materials are extensively used for chemother-
mal therapy of cancer and through reactive oxygen species (ROS)
generation [33–37]. In this review, we will be discussing primarily
about MnFe2O4 nanostructures as a potential tool for cancer ther-
anostics. Among other cations, Mn received particular attention in
the field of biomedicine due to its different oxidation states. The
most common manganese valence states are Mn2+, Mn3+ and
Mn4+. Among them Mn2+ ions show the best stability when com-
pared with Mn3+ ions and Mn4+ ions due to its half-filled outer
3d electrons (�5lB) [38,39]. In addition, the magnetism of the
NPs depends on the manganese valence states, therefore, Mn2+ ions
with five unpaired electrons exhibit the strongest relaxivity, fol-
lowed by Mn3+ and Mn4+ ions. Manganese ferrite (MnFe2O4) with
Mn2+ valance state received significant interest in biomedical
applications due to its remarkable magnetic properties and chem-
ical stability. MnFe2O4 has been of primary interest among spinel
ferrites due to its high saturation magnetization, minimal or near
zero coercivity, and excellent biocompatibility, which qualifies
them for biological applications (Fig. 1). MnFe2O4 exhibits a bulk
saturation magnetization (MS) of 80 emu g�1 close to the MS of
bulk Fe3O4 and c-Fe2O3 (�90 emu g�1 and � 80 emu g�1) [40,41]
and an anisotropy constant value of K = 2.5x103 J/m3 at room tem-
perature [42].

A spinel structure is generally denoted by the chemical formula
AB2O4, where A and B represent the tetrahedral (surrounded by
four oxygen atoms) and octahedral (surrounded by six oxygen
atoms) sites. Depending upon the cationic distribution in the tetra-
hedral and octahedral sites, the spinel structure can be of two
types: normal and inverse. ZnFe2O4 exhibits a normal spinel struc-
ture, with Zn2+ and Fe3+ occupying the tetrahedral A and octahe-
dral B sites respectively. The classic example of a ferrite enjoying
an inverse spinel geometry is Fe3O4. In this case, Fe3+ ions occupy
the tetrahedral A sites, while Fe2+ and Fe3+ ions are placed in the
octahedral B sites alternatively. Interestingly, MnFe2O4 exhibits a
mixed spinel structure, where Mn2+ and Fe3+ ions can simultane-
ously occupy the A and B sites (Fig. 2) [43]. This uniqueness in
the lattice geometry promotes exciting magnetic properties for
advanced biomedical applications. The synthesis of MnFe2O4 NPs
by different methods like coprecipitation, hydrothermal, and ther-
mal decomposition, their structural and magnetic properties, sur-
face functionalization strategies to improve colloidal stability,
biocompatibility and biodegradability are explained in detail in
the following sections. Additionally, in vivo studies concerning
the biomedical applications of MnFe2O4 nanostructures are also
carefully reviewed. A large number of reviews has already been



Fig. 1. Schematic illustration of the advantages of manganese ferrite nanoparticles and their potential uses in medicine.

Fig. 2. Structure of manganese ferrite showing tetrahedral (Td) and octahedral (Oh)
sites. Adapted and reprinted with permission from reference [52].
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published on MNPs for applications in medical science and tech-
nology [16,17,44–51]. However, till date, to the best of our knowl-
edge, there is not any detailed biomedical review available on
MnFe2O4 nanostructures, which substantiates the need to review
their recent findings and trends in the field of nanomedicine.

2. Synthesis of MnFe2O4 nanostructures

Over the past decades, several research papers have described
the synthesis method of MnFe2O4. Different synthetic routes are
capable of synthesizing MnFe2O4 NPs of various shapes, and sizes
with varying stability. Such approaches used to obtain high quality
MnFe2O4 for biomedical applications are co-precipitation,
hydrothermal, thermal decomposition etc. Each of these synthesis
methods with a reaction mechanism and a few examples is dis-
cussed in this section. The synthesis methods schematic is illus-
3

trated in (Fig. 3) and their advantages and limitation are given in
Table 1.

2.1. Co-precipitation method

It is a classical method used for decades in lab-scale prepara-
tions to form precipitation from homogeneous solutions. Gener-
ally, a reducing or precipitating agent is added to the aqueous
solution of the metal precursor to yield products during the reac-
tion. It is a simple method carried out to produce a uniform-
sized NP with precise control over the shape. The aqueous solution
generally consists of MA(II) and MB(III) with a base at an ambient
room temperature to a higher temperature. The composition,
shape and size of MNPs can be modified by several factors such
as the temperature of the reaction, type and ratio of precursors,
volume of solution and pH of the medium [53]. The precursor salts
used in general are chlorides, nitrates, perchlorates, and sulfates.
The mechanism involved in the preparation of NPs by the co-
precipitation method is given in Eqn. (1).

2M3þ
A aqð Þ þ M2þ

B aqð Þ þ 8OH� aqð Þ
! MAMB2O4 sð Þ þ 4 H2O ð1Þ
Recently, variable sizes of manganese iron oxide obtained by

changing the pH of the solution through a co-precipitation method
have been reported by Puspitasari et al. [54]. Here, the experiment
was conducted by adjusting the amount of sodium hydroxide
added to obtain three different pH levels of 8, 10 and 12. The mor-
phological study of the synthesized particles showed a decrease in
the particle size and magnetic properties, with an increase in the
pH of the medium.

2.2. Polyol method

It is a liquid phase synthesis process carried out at high temper-
atures with multivalent alcohol as the solvent. It is a promising
process for synthesizing NPs useful in biomedical applications as
the solvent used is water-compatible, and chelation is easy. Polyols
instantaneously form a coordination bond with the nucleus by pro-
viding excellent control over particle distributions and sizes [55].



Fig. 3. Schematic representation of some of the commonly used chemical strategies to prepare NPs; a) co-precipitation, b) polyol method, c) thermal decomposition, d)
hydrothermal and e) microwave assisted method.
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Table 1
Advantages and limitations of aforementioned chemical synthesis methods.

Method Advantages Limitations

Coprecipitation 1) Preparation method is simple, facile and straightforward
2) Required processing time is in minutes and temperature is below

100 ℃
3) High yield can be obtained

1) Prepared particles have irregular morphology
2) Broad size range (polydispersity)
3) No control over size and shape

Polyol 1) Relatively simple process
2) Process temperature is high and reaction time is in hours
3) 3) Good control over size and shape

1) Broad size distribution
2) Medium yield

Thermal
decomposition

1) Very narrow size distribution of particles
2) Good control over size and shape
3) high yield and highly crystalline material can be obtained.

1) synthesis procedure is very complicated
2) Requires a high process temperature and time is from hours to

days.
Hydrothermal 1) Relatively simple process

2) Process temperature is high and reaction time is in hours
3) High crystalline particles

1) Relatively broad size distribution with irregular spherical shape
2) Medium yield

Microwave 4) Ease method of synthesis
5) Fast reaction in minutes with pure product
6) High temperature within minutes and selective heating is possible

1) Expensive setup
2) Low yield
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The removal of particles after the reaction is easy, which is carried
out by simply washing with water several times. The main advan-
tage of this method is the high crystallinity of the metal oxide NPs
obtained which depends on the reaction temperature. Some of the
polyols used are from the families of ethylene glycol (diethylene
glycol, triethylene glycol up to polyethylene glycol), carbohydrates,
glycerol, propanediol, butanediol and pentanediol [56]. Here, the
morphology of NPs can be controlled by the concentration of pre-
cursors used and the reaction temperature. Particle size mainly
depends on the solubility of the metal ions in the polyols. Chen
et al. [57] synthesized spherical MnFe2O4 NPs at a large scale using
the polyol method with ethylene glycol as a solvent. A wide range
of particles varying in sizes from 40 to 45 nm was obtained with
the influence on the reaction time, temperature and concentrations
of the initial reagent. It was also shown that the magnetic proper-
ties varied with the size of the NPs. In another example, Aslibeiki
et al. [58] fabricated the MnFe2O4 NPs by decomposing metal
nitrates in different amounts of triethylene glycol. It was observed
that by increasing the content of tri-ethylene glycol, the crystallite
size decreased, and a more homogeneous size distribution was
obtained.
2.3. Thermal decomposition

It is the most widely used preparation method for the large-
scale synthesis of monodispersed MNPs. In general, organometallic
reagents are decomposed in the presence of organic solvents with
high boiling points and surfactants. Here, the metal oxide NPs are
formed by a two-step process. Initially, the formation of metal
hydroxide takes place, which is later oxidized to form the metal
oxide. The size, shape and distribution of NPs are controlled by
the reaction conditions such as the ratio of reagents used, temper-
ature and reaction duration [59]. The most commonly used precur-
sors are metal acetylacetonates [M(acac)n] (where M = Fe, Mn, Co,
Ni etc. and ‘acac’ is acetylacetonate group), metal cupferronates
[MxCupx] (where cup = N-nitrosophenylhydroxylamine), and car-
bonyls [60]. Zeng et al. [61] reported the synthesis of different
sized cubic and polyhedron shaped MnFe2O4 NPs through this
method in the presence of 1,2-hexadecanediol, oleic acid, and oley-
lamine. They showed that the size of the NPs could be controlled
by varying the concentration of precursors, while the shape could
be controlled by adjusting the amount of stabilizing agent used.
Yang et al. [62] synthesized MnFe2O4 NPs by the decomposition
of Mn(acac)2 and Fe(acac)3 to form highly crystalline NPs for MRI
application.
5

2.4. Hydrothermal method

It is the most preferred method for synthesizing ultrafine pow-
ders of MNPs. It is one of the low-cost methods to produce MNPs at
a large scale. In general, the synthesis process is carried out over
higher temperatures of 125–250 �C and high pressures of 0.3–
4 MPa. The NPs of appropriate size and shape can be obtained by
choosing appropriate solvent, temperature, reaction time and pres-
sure. The typical reaction will be carried out by dissolving the
reagents in the solvent at the room temperature to form a clear
solution. The solution will then be sealed and maintained at high
temperature and pressure for several hours (8–72 h) in a Teflon
lined stainless steel autoclave. Stoia et al. [63] synthesized MnFe2-
O4 nano powders by heating metal chlorides in an autoclave at
195 �C for 12 h. The nano powders were crystalline and superpara-
magnetic in nature, with a high MS value of 51 emu g�1. Recently
Know et al. [64] synthesized cubic spinel MnFe2O4 NPs via a simple
hydrothermal method. They also studied the morphological and
crystalline properties of as-prepared NPs with respect to the reac-
tion temperature.

Over the past decades, synthesising MNPs with controlled
shape has been a major challenge. In addition, most of the aniso-
tropic shaped NPs reported in the literature are limited to Fe3O4

(magnetite) particles. The primary research gap is to study MnFe2-
O4 NPs of different shapes to enhance their magnetic properties for
biomedical applications. The NPs of different shapes are synthe-
sized by various methods classified as physical, chemical and bio-
logical [65]. Physical methods include spray pyrolysis and laser
ablation synthesis. The main advantage of physical processes is
the ease in preparing particles of different structures and composi-
tion. These methods pose disadvantages in obtaining particles of
controlled sizes and the requirement of expensive equipment
which limit its high scale and cost-efficient production. As men-
tioned earlier, the chemical route encompasses various methods,
with advantages of obtaining particles with controlled shape and
size, monodisperse, green synthetic routes, low cost, and high
phase purity. The drawbacks of chemical methods are the use of
toxic and expensive chemicals, lack of precise phase control, low
efficiency and reproducibility. Biosynthesis is a low-cost method
with high yield and reproducibility but a very time-consuming
process that includes microorganism and bacterial synthesis.

Typically, the crystal shape of NPs is thermodynamically or
kinetically controlled. A thermodynamic process is related to the
chemical potential of the reaction, such as temperature and super-
saturation of the solution. The thermodynamic process reduces the
reaction energy barrier either by reaction-limited or diffusion-
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limited mechanisms. The diffusion-limited mechanism occurs at a
high solution concentration in which the monomers are precipi-
tated on the surface of the NPs only once, forming monodisperse
particles. Whereas the reaction-limited mechanism occurs at low
solution concentration wherein the surface reaction limits the
growth and produces NPs with different shapes. The kinetic pro-
cess reduces the reaction energy barrier in supersaturated regions
when stable nucleation sites occur. Therefore, the final shape of the
particles is affected by different parameters such as pH, solvent,
temperature and the concentration of precursor.
2.5. Microwave assisted method

It has been widely used technique for its ease of preparation,
high yield, enhanced reaction rates and eco-friendly reaction con-
ditions compared to other methods. Over the years, nanomaterials
were synthesised in a domestic microwave oven with no control
over temperature or pressure. Research has shown this synthesis
method is an attractive choice for developing nanomaterials in
the last few decades, resulting in the development of microwave
reactors exclusively for chemical synthesis. Microwave heating is
nothing but a transfer of electromagnetic energy to thermal
energy. This synthesis method enhances the quality of chemical
synthesis by the microwave effect or non-thermal effect thereby
resulting in the selective high heating efficiency. The microwave
irradiation energy acts as internal heat source, which can heat
the target compounds without heating the entire furnace or syn-
thesis setup. This method’s main advantage is that it can produce
more uniform heating with less time and energy [66]. Lately, it
has been postulated that the synthesis of NPs is highly sensitive
to reaction conditions. This could benefit from microwave method
since recent microwave ovens or reactors have enabled in situ
measurement of temperature and pressure. The major problem
of chemical synthesis is the poor solubility of organic reactants
in aqueous media, which results in immiscible or biphasic reaction
mixtures. This issue can be overcome by utilizing the microwave
method [67]. The high dielectric constant solvents can absorb
microwave radiation and produces heat during irradiation via
dipole–dipole interactions with the alternating electric field gener-
ated by microwaves [68]. MNPs show well-defined magnetic prop-
erties when they are monodispersed in a size- and shape-
dependent manner. The common synthesis methods are driven
by properties of the solvent, viz. boiling point, and polarity rather
than microwave method rely on the energy of microwaves. Hu
Fig. 4. (a) X-ray powder diffraction (XRD) patterns and (b) Crystal lattices in HRTEM imag
permission from reference [70].
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et al. reported the synthesis of monodisperse spherical iron oxide
nanoparticles with a polydispersity index of 3 % in ionic solvent
using a microwave-assisted method [69].

2.6. Structural properties of MnFe2O4

Manganese ions in the iron oxide inverse spinel structure plays
a significant role in modifying its structural properties. The Mn
ions may occupy octahedral or tetrahedral interstitial sites of
inverse spinel structure since Mn2+ ions radius (67 pm) is larger
than iron ions (Fe2+ = 61 pm, Fe3+ = 55 pm). This results in the for-
mation of mixed spinel structure. Yang et al. [70] synthesized Mnx-
Fe3–xO4 (x = 0 to 1.06) NP by thermal decomposition method. The
XRD patterns of prepared MnxFe3–xO4 NP show peaks of inverse
spinel structures (Fig. 4a). However, the left shifting in peaks were
observed with the addition of Mn2+ ions. It is probably due to the
change in structure with doping of larger radius of Mn2+ ions which
may cause lattice distance bigger than that of pure iron oxide. High
resolution transmission electron microscopy (HRTEM) analysis
also confirmed this phenomenon. Fig. 4b shows the HRTEM micro-
graphs of NPs with different Mn2+ doping levels. HRTEM images
reveals spherical particles with good crystallinity. The measured
lattice distances of NPs increased with different levels of doping.
The lattice distance of MnxFe3–xO4 NPs are 0.29, 0.30 and
0.31 nm for � = 0, 0.47 and 1.06, respectively. This result indicates
that the lattice distance gradually increases as manganese doping
level is elevated. They also noticed the disturbance in the lattice
fringes when � is larger than 0.47. This reveals that doping of
Mn2+ in iron oxide structure significantly impacts the crystal struc-
ture and its lattice distances.

2.6.1. One-dimensional (1D) nanoparticles
1D NPs consist of nanorods, nanowires and nanotubes with at

least one dimension in the nanometer range. Nanorods are few
nanometers in diameter and are up to 100 nm in length. Nanotubes
are nothing but hallow nanorods and nanowires with lengths lar-
ger than 100 nm. These elongated magnetic NPs have greatly inter-
ested biomedical applications due to their unique magnetic
properties. Nanorods are commonly synthesized through
hydrothermal reactions, which provide compositional and mor-
phological control without requiring sophisticated processing. For
example, Hou et al. [71] synthesized spinel MnFe2O4 nanorods by
seed-mediated hydrothermal route for photocatalytic activity.
Nanorods with 25–40 nm diameters and 300–400 nm lengths were
es of MnxFe3–xO4 NPs with different Mn2+ doping levels. Adapted and reprinted with
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obtained successfully. Initially, rod-like Mn2O3 was synthesized
using a simple coprecipitation method, and MnFe2O4 nanorods
were prepared later by the hydrothermal method with Mn2O3

seeds. In addition, a high saturation magnetization of 72.45 emu
g�1 at room temperature was shown by the prepared nanorods.
On the other hand, template-assisted strategies were used to syn-
thesize nanowires and nanotubes. Cui et al. [72] fabricated MnFe2-
O4 and Mn-doped Fe3O4 porous magnetic material by thermal
decomposition method. The resultant nanowires were superpara-
magnetic with magnetization values of greater than 45 emu g�1.
The prepared porous nanowires exhibited high specific surface
areas and showed excellent ability to remove organic pollutants
and heavy metal ions from wastewater. Different strategies have
been developed recently to synthesise 1D iron oxide NPs for
biomedical applications. However, research on various synthesis
strategies and advantages of using ferrites like MnFe2O4 towards
biomedical applications are lacking.

2.6.2. Two-dimensional (2D) nanoparticles
2D NPs consist of nano-film, plate, and sheet-like structures. In

general, 2D NPs have a magnetization effect that lies parallel to the
basal plane, which requires a strong magnetic field to align the
magnetization out of the plane [73]. Song et al. [74] reported the
synthesis of MnxFe1–xO iron-manganese nanoplates by the thermal
decomposition method. They showed the relationship between
magnetization and crystalline phases, which is achieved by con-
trolling the annealing conditions. The prepared nanoplates reach
a saturation magnetization of 30 emu g�1. MnxFe1-xO nanoplates
exhibit resistance to oxidation in the air when compared to FeO
and MnO, making them suitable for biomedical applications. In
another study by Vernekar et al. [75] studied the time-dependent
evolution of the morphology of crystalline MnFe2O4 NPs. The
nanocrystals were synthesized by a simple co-precipitation
method, and the morphology evaluation was studied during the
reaction at different time intervals. They showed the formation
of nanowires with diameters of 30–40 nm at the first 15 min,
which grew into 2D structured nanosheets with thickness of 30–
40 nm over the next 30 min.

2.6.3. Three-dimensional (3D) nanoparticles
Other than spherical NPs, nanocubes and nanoflowers are some

of the anisotropic 3D NPs. Oh et al. [76] synthesized thermally
Fig. 5. FESEM and TEM images of different shapes of MnFe2O4 NP (a) nanospheres [57
triangular [80], (g) polyhedron [61] and (h) nanooctahedron [75]. Adapted and reprinte
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responsive chitosan coated MnFe2O4 nanocubes for MHT applica-
tion. The nanocubes synthesized by the thermal decomposition
method had a particle size of 18 nm, high MS value, good colloidal
stability, and low cytotoxicity. Ullrich and their group have
recently synthesized iron-manganese-oxide core–shell nanocubes
by the thermal decomposition method [77]. It was reported that
the formation of cubic shape is due to the influence of surfactant
on the growth of NPs in specific crystallographic directions. The
core–shell structure was stable under ambient conditions against
oxidation. Wang et al. [78] fabricated MnFe2O4 nanocubes through
a simple chemical reaction. The synthesized nanocubes are in the
size range of 500 nm with a large specific surface area of 90 m2

g-1. Despite the advancements in the synthesis of MNPs, research
is still ongoing to control the shape of NPs by suitable synthesis
protocol. Fig. 5 shows the various shapes of MnFe2O4 NPs obtained
by different synthesis protocols.
3. Magnetic properties of MnFe2O4
3.1. Magnetic behavior of nanoparticles

MNPs are characterized into paramagnetic, diamagnetic, ferro-
magnetic, ferrimagnetic and antiferromagnetic particles by their
response to an applied magnetic field. The materials that consist
of atoms with unpaired electrons are called ferromagnetic materi-
als. In this review, we focus on ferromagnetic materials. Upon
applied magnetic field, ferromagnetic materials show spontaneous
magnetization with large magnetic susceptibility. In addition to
this, the magnetic moments aligned spontaneously in one direction
over different regions of the material called a magnetic domain
particle (Fig. 6a). When the material size is very small, the particle
consisting of only one domain is called single-domain particles. In
the case of ferromagnetic material, it is called a superparamagnetic
particle. For detailed information on magnetic materials and mag-
netism types, we refer readers to the literature [81].

In general, on the magnetic field application, NPs magnetic
moments align in the direction of the field, which increases the
magnetization (M). The material gets magnetically saturated once
all the moments are aligned with the field and exhibits saturation
magnetization (MS). When the direction of the applied magnetic
], (b) nanocubes [77], (c) nanorods [71], (d) nanowires [72], (e) nanorods [79], (f)
d with permissions from mentioned references.



Fig. 6. (a) Magnetic domain alignment and (b) hysteresis loop of ferromagnetic material on the application of field. Adapted and reprinted with permission from reference
[86], (c) magnetic interactions of the ion pairs in spinel ferrites. Figure modified and copyrighted from reference [87].
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field is reversed, the magnetization starts decreasing. When the
magnetic field decreases to zero, some magnetic moment align-
ment persists, resulting in minimal magnetization. This is referred
to as the remanent magnetization (Mr). The reverse magnetic field
is applied to make the M zero, and the required field is called the
coercivity or coercive field (Hc) shown in Fig. 6b. With respect to
coercivity, the magnetic materials are divided into soft-magnetic
(low coercivity) example, spinel ferrites and hard-magnetic mate-
rials (high coercivity), typically permanent magnets. The materials
basic magnetic properties are determined by the crystal structure
and electronic structure of magnetic ions/atoms in the materials,
which affects their MS and magnetocrystalline anisotropy. The MS

depends on the magnitude of the magnetic moments and the dis-
tance and angle between ions. Where the magnetocrystalline ani-
sotropy is due to the alignment of the magnetic moments along
crystallographic directions. Typically, the magnetic moments in
crystals align in one preferred order, the magnetic easy axis. The
magnetic field required to realign the direction of magnetic
moments is called the magnetocrystalline anisotropy field. Both
the magnetocrystalline anisotropy field and saturation magnetiza-
tion of the materials are intrinsic properties, while Hc and Mr are
extrinsic properties that depend on the size and shape of the mag-
netic particles.

Magnetic properties like magnetization, magnetic moment and
magnetocrystalline anisotropy of spinel ferrites are highly influ-
enced by the particle’s size and shape. For biomedical applications,
magnetic moment m (product of magnetization and core volume
Vm) is the most important factor for sensing and imaging applica-
tion since the increase in m yields a more pronounced detection
signal [11,82]. Magnetic properties on the surface of magnetic
material differ from the interior core region due to the surface spin
canting effect [83]. This effect is disturbed by the core size. In mag-
netic nanomaterials, increased anisotropy constant with decreased
8

magnetization is observed compared to bulk material [84]. Kim
et al. modelled saturation magnetization MS for the spherical par-
ticle as in Eqn (2).

Ms ¼ Msbð1� 2d
D
Þ
3

ð2Þ

Where Msb is the saturation of bulk material, d is the thickness
of the spin canting layer, and D is the core diameter. The anisotropy
value of the spherical particle is given by Eqn. (3) [85].

Keff ¼ Kb þ 6U
D

Ks ð3Þ

Where Ks and Kb are the surface and bulk anisotropy constants,
U = 1 for spherical particle. The shape anisotropy is negligible than
surface anisotropy for spherical particles. And bulk magnetic mate-
rial has a multi-domain state with different magnetization direc-
tions within each domain. The magnetic domains stabilize at
critical diameter Dc and form a single-domain particle. The critical
diameter varies between 10 and 100 nm, varying with different
particle.

The magnetization will point in one direction for single-domain
particle, thus having the largest possible magnetic moment l = Vm-
MS (where Vm is core volume) and the magnetization is equal to its
saturation magnetization. The Stoner-Wohlfarth model well
describes the hysteresis of the single-domain particle as under
the influence of an external field, the magnetization rotates as
one single giant magnetic moment. The magnetic moment has
two orientations for single domain particle due to magnetic aniso-
tropy. The moments are arranged antiparallel to each other along
its ‘easy axis’ and are separated by an energy barrier of Eb = Keff

Vm. For superparamagnetism, at a finite temperature T, Eb is com-
parable or smaller than kBT (thermal fluctuation energy). The mag-
netic moment frequently rotates from one direction to the other,
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resulting in net magnetization to zero. In the absence of an exter-
nal field, superparamagnetic material shows zero magnetic
moment due to the fast flipping of the moments. It shows positive
magnetization in the presence of the external field. The mean time
taken by the magnetic moment of superparamagnetic NPs to flips
between two preferred directions is called zero-field Néel relax-
ation time sN, given by Eqn. (4).

sN ¼ s0 exp
Keff Vm

kbT
ð4Þ

Where s0 is attempt time 10�10–10�9 s depending on the mate-
rial, and kB is Boltzmann constant. From the equation, the sN is an
exponential function of the particle core size. It is the rotation of
magnetic moment in stationary magnetic particles, and it can vary
from nanoseconds for NPs to years for bulk materials. However,
NPs, dispersed for biomedical applications, have both Néel and
Brownian processes. The zero-field Brownian relaxation time is
expressed as in Eqn. (5).

sB ¼ 3gVh

kbT
ð5Þ
Fig. 7. (a) Schematic illustration for estimating the blocking temperature (TB) of magneti
sizes (b) Field-dependent magnetization hysteresis and (c) Magnetization vs temperature
field-cooled (FC) 10 nm NPs under various magnetic fields. Adapted and reprinted with
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Where Vh is the hydrodynamic volume of the MNP and g is the
fluid viscosity. The effective relaxation time is given by Eqn. (6).
s ¼ sNsB
sN þ sB

ð6Þ

In superparamagnetic NPs, above the blocking temperature TB
(temperature below which the magnetization relaxation is slower
(Fig. 7a)), sm > sN, (where sm is the measured time) so the magnetic
moment flips several times within the measurement period, thus,
the measured magnetization M = 0 when the external field H = 0
Oe. When the external magnetic field is applied, the magnetic
moments align with the field direction, resulting in a net magneti-
zation similar to the paramagnetic behavior, which is explained by
the Langevin model (Eqn. (7)).
M Hð Þ ¼ MsLðl0
lH
kbT

Þ ð7Þ

L(x) is the Langevin function, H is the applied magnetic field,
and l0 is the magnetic permeability of a vacuum.
c nanoparticles experimentally, Magnetization studies of MnFe2O4 NPs with various
, and (d) Temperature dependence of magnetization for zerofield- cooled (ZFC) and
permission from reference [40].
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3.1.1. Magnetization
The magnetization MS in spinel ferrites is achieved by the inter-

action between the spins of the metallic cation in the A and B sites
and oxygen ions which can be explained by the super exchange
mechanism. There are three types of interactions, namely A-O-A
(JAA), B-O-B (JBB), and A-O-B (JAB), as shown in Fig. 6c [88,89]. These
interactions vary with the magnitude of the anion parameter (u).
The interaction strength varies from strongest to weakest in the
order of JAB > JAA > JBB. The dominant interaction JAB between A
and B sub-lattice is induced in the ferrimagnetic alignment. Table 2
shows the general formula for calculating bond distance and angle
between cation and anion in the ferrite structure. In inverse spinel
structures, the contribution of iron cations at A sites cancels that of
at B sites, and the net moment is due to the divalent cations at B
sites. In a normal spinel structure, the cation on B sites possesses
the magnetic moments of an antiferromagnetic alignment. For
example, ZnFe2O4, since Zn2+ at A sites are also non-magnetic,
the net magnetization will be zero. Hence, ZnFe2O4 below the Neel
temperature of 10 K acts as antiferromagnetic due to JBB interac-
tion and above 10 K acts as paramagnetic. The net magnetization
of spinel ferrites is given by the average contribution of magnetic
moments in the two sub-lattices. The magnetization at T = 0 can
be given as in Eqn. (8). MnFe2O4 achieves the largest magnetization
when compared to other materials, as shown in Table 3. This is due
to the largest inversion degree and the existence of a mixed
valance state of Mn ions in the MnFe2O4 NPs.

Ms ¼ N:d
MM

X
nB;B �

X
nB;A

h i
lB ¼ N:d

MM
leff ð8Þ

where N is Avogadro’s number, d is density, MM is the molar
mass, nB,i is the number of Böhr magnetons, lB is associated with
the i site of the unit cell.

The relationship between magnetization and size of NPs is
inevitable. The size dependent saturation magnetization is the
topic of interest in recent years. The magnetic property of spinel
ferrite structures like MnFe2O4 several factors plays major role like
cation distribution, oxidation state, chemical composition, and size
of the particle. Liu and Zhang [40], studied the variation in mag-
netic properties of MnFe2O4 NPs in size range of 4 to 14 nm and
have been prepared from reverse micelles. The magnetic studies
from Fig. 7b show that magnetization increases with the size of
the NPs. They also conducted temperature dependent magnetic
study to find saturation magnetization of various sized NPs at
Table 3
Main structural and magnetic features of a few bulk ferrite materials [92].

Ferrite a (nm) x d (g cm-3)

MnFe2O4 0.851 0.2 4.96
CoFe2O4 0.839 0.8 5.27
NiFe2O4 0.833 1 5.37
ZnFe2O4 0.844 0 5.32

Table 2
The general formula to calculate the bond distance between cations and anion and the
bond angles between them [90].

Bond distance Bond angle h

M�O M�M

p = a (5/8 – u) b =
p
2 (a/4) h1 ¼ Cos�1 p2þq2�c2

2pq

� �
q = a

p
3 (u – ¼) c =

p
11 (a/8) h2 ¼ Cos�1 p2þr2�e2

2pr

� �
r = a

p
11 (u – ¼) d =

p
3 (a/4) h3 ¼ Cos�1 2p2�b2

2p2

� �
s = a

p
3 (u/3 + 1/8) e =

p
3 (3a/8) h4 ¼ Cos�1 p2þs2�f 2

2ps

� �
f =

p
6 (a/4) h5 ¼ Cos�1 r2þq2�d2

2rq

� �
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the temperature range of 5 to 350 K. Initially, the NPs were cooled
to 5 K and the magnetization was recorded as the temperature
slowly rises (shown in Fig. 7c). Eventually, the magnetization
reaches the maximum point at temperature, which is known as
the blocking temperature TB. We can notice the TB temperature
increases with the NPs size and MnFe2O4 NPs acts paramagnetic
at the temperature above TB. They have also recorded the magne-
tization of the NPs at different cooling process for 10 nm sized
MnFe2O4 NP as shown in Fig. 7d. Initially, the NPs were cooled to
the lowest measuring temperature (zero-field-cooling (ZFC)) for
these measurements. After that, the magnetization is recorded
under a 100 Oe field with rising temperature. At TB temperature,
the NPs reach maximum magnetization and then decrease. At the
field cooling process (FC) under the same applied field of 100 Oe
the magnetization is maximum at 5 K and decreases with rising
temperature. They repeated the experiment with twomore applied
field of 500 and 1000 Oe and found the blocking temperature
decreases from 170 K to 110 and 60 K, respectively. The correlation
between the size of the MnFe2O4 NPs and the TB temperature is
similar to the size dependence of the magnetocrystalline aniso-
tropy. According to the Stoner-Wohlfarth theory (Eqn. (9)),

EA ¼ KVSin2h ð9Þ
Where EA is the magnetocrystalline anisotropy of a single

domain particle, K is the magnetocrystalline anisotropy constant,
V is the volume of NPs, and h is the angle between the magnetiza-
tion direction and the easy axis.
3.1.2. Magnetocrystalline anisotropy
MNPs can exhibit different anisotropy in which the magne-

tocrystalline is the most common anisotropy and the only intrinsic
anisotropy, while others are induced. It is the material’s property
for spontaneous alignment of magnetization in crystallographic
direction (easy direction) [91]. For closed packed spinel ferrites
except for CoFe2O4, the magnetization axis direction is (111). Mag-
netizing spinel ferrites in this direction is easy with the minimum
magnetic anisotropy energy. The energy difference present
between the easy and hard direction of alignment of domains is
called magnetocrystalline anisotropy energy. It is the energy
needed to rotate the moment from an easy to hard direction. The
magnetocrystalline anisotropy depends on the crystal structure
of the material. Generally, the anisotropy of spin-orbital coupling
and the orbital angular momentum is due to the magnetic moment
and crystal field [92]. In a crystal lattice, each atomic moment is
under the influence of a crystal field. Crystal field is each ion in
the crystalline material that produces an external field by sur-
rounding spins. When this crystal field tries to reorient the spin
of an electron, the orbit of that electron also reorients due to
spin-orbital coupling. The crystal lattice resists the orbit’s reorien-
tation since the crystal lattice and orbit are strongly coupled. Thus
the crystal field and the spin–orbit coupling together give rise to
magnetocrystalline anisotropy [93]. Due to 3d electron arrange-
ments, the anisotropy in spinel ferrite is due to both the spin-
orbital coupling and angular momentum. A simple model can give
the anisotropy energy density of spinel ferrites as Eqn. (10) indi-
leff K Ms at 0 K (kA m�1)

4.6 0.3 552
3.7 20 464
2.3 0.62 294
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cates, where K is the anisotropy constant of Fe3+ and M2+ in A and B
sites [94].

K ¼ 1� jð ÞKA
M2þ þ jKA

Fe3þ þ jKB
M2þ þ 2� jð ÞKB

Fe3þ ð10Þ
Where ‘a’ is the lattice parameter, x is the inversion degree, d is

the density, leff is the effective magnetic moment, K is the aniso-
tropy constant, and MS is magnetization.

3.1.3. Magnetic behavior of anisotropic nanoparticles
The magnetic behavior of anisotropic magnetic NPs is due to an

interplay between the shape anisotropy and the magnetocrys-
talline anisotropy. For soft-magnetic materials, magnetic behavior
shape anisotropy plays an important role. For example, spherical
MNPs can be magnetized in any direction, while in anisotropic
shaped NPs, it is easy to magnetize along its long axis than its short
axis as the demagnetizing field (Hd) along the short axis is larger
(Eqn. (11)) [95].

Hd ¼ �NdM ð11Þ
Where, Nd is a demagnetizing factor, which is direction and

shape dependent. For spherical particle Nd is1/3 in all directions.
Whereas for 1D particle demagnetizing factor along its diameter
(a) is Na = 1/2 and along its length (c) is Nc = [ln(2z)-1]/z2, where
z = c/a. For 2D particle like nanoplates, demagnetizing factor along
diameter(c) is Nc = p/4z and along thickness(a) is Na = 1-p/2z + 1/
z2, where z = c/a [73].

The magnetic behavior of 1D particles is similar to the bar mag-
net, in which magnetization is parallel to the particle surface along
its length[96,97]. The shape anisotropy of the MNPs determines
the magnetization’s direction along their long axis and the demag-
netization factor. In this case, the demagnetization factor increases
with shape anisotropy which depends on a size aspect ratio. For 1D
NPs, a magnetic field is applied parallel to the long axis, square-like
hysteresis loop with large Hc and MS = Mr is observed. When the
field applied is perpendicular to the long axis, S-like response with
Hc = 0 and Mr � MS is observed. However, shape anisotropy dom-
inates the effective magnetization in 1D NPs. Magnetization in 1D
NPs is also affected by magnetocrystalline anisotropy. In the case of
2D soft-magnetic material, the magnetization of the NPs lies
within the basal plane. The magnetic moments can be realigned
easily in the basal plane, while a strong magnetic field is required
to realign the moments that are present out of the plane. 2D parti-
cles have a strong uniaxial magnetocrystalline anisotropy with an
easy axis perpendicular to the basal plane. The 2D particles behave
exactly opposite to the 1D NPs. They exhibit square-like hysteresis
when the applied field is perpendicular to the basal plane. The hys-
teresis decreases to Hc and Mr = 0 when the magnetic field is in the
direction of plane [98].

3.2. Factors influencing the magnetic properties of spinel ferrite

3.2.1. Size effect
The size and shape of the NPs greatly influence the magnetic

properties such as M and Hc and the stability of the spinel ferrites.
The MS depends solely on the size of the NP, where TB and coerciv-
ity rely on the shape and size of the NPs [99]. The critical size of
various spinel ferrite NPs for the transition from multi-domain to
single domain was provided in detail for different NPs in the
review by Krishnan et al. [100]. Some spinel ferrite exhibits differ-
ent superparamagnetic properties even at different size levels
below the critical size. For example, MnFe2O4 NP of various sizes
6, 7.5 and 9 nm exhibit magnetization of 50, 60 and 72 emu g�1,
respectively [101]. NPs have an increased number of surface ions
as the size decreases with higher surface energy. The surface
energy decreases the coordination between surface ions and hin-
11
ders the spin alignment, decreasing MS and coercivity [11,102].
The differences in size also significantly impact magnetic aniso-
tropy constant, toxicity, and other spinel ferrite properties, which
are the major factors for biomedical applications [103,104].

3.2.2. Coating
For biomedical applications, the coating is necessary for certain

reasons like avoiding agglomeration, improving stability, reducing
degradation or leaching of metal ions and toxicity [105,106]. On
the other hand, coating and hydrodynamic size can affect the mag-
netic moment and decreases the MS value of NPs than their bare
counterparts [107]. For example, different weight % of 0.3, 0.6, 09
and 1.2 chitosan-coated MnFe2O4 with the hydrodynamic sizes of
94.4, 98.2, 104.2 and 96.8 nm shows MS value of 40.2, 39.8, 31.2
and 36.7 emu g�1, respectively [108]. In another study, the bare
MnFe2O4 and PEG-coated MnFe2O4 exhibited a MS value of 68
and 60 emu g�1, respectively [109]. In the study reported by Asli-
beiki et al., different volumes of triethylene glycol coating such as
0, 5, 10, 15, 20 and 30 mL were used in the synthesis of MnFe2O4

NPs, which showed magnetization of 20, 62, 91, 76, 82 and 81
emu g�1, respectively [58]. Due to the coating that is present on
NPs, there is a decrease in magnetization and magnetic moment,
which can be explained by spin pinning. Thus, the surface coating
quenches the magnetic influence of the spins on the surface of
magnetic NPs [110].

3.2.3. Chemical composition
The chemical compositions, distribution, and type of the cations

in A and B sites determine the magnetic properties of spinel fer-
rites. As discussed earlier, MNPs are particularly suitable for bio-
logical applications because of their magnetic property and low
toxicity, among other characteristics. These properties strongly
depend on their physicochemical characteristics, but shape and
size are the most influential factors [111]. In this regime, the mag-
netic behavior of MNPs is controlled by the type and ratio of the
distribution of cations, which is of great interest in many of their
potential applications. In this sense, replacing some iron elements
in iron oxide structure with other metallic elements such as cobalt,
manganese, nickel, or zinc leads to change in their magnetic behav-
ior, particularly to the effective magnetic saturation and magnetic
anisotropy of the NPs [112]. For example, in the study conducted
by Lee et al. [113], 12 nm sized Fe3O4, MnFe2O4, CoFe2O4 and NiFe2-
O4 show the magnetization of 101, 110, 99 and 85 emu g�1 with
the magnetic moment of 4, 5, 3 and 2 lB, respectively. Another
study reported by Taboada et al. [114], reveals the synthesis of
spherical shape � 9 nm diameter sized MNPs doped with Mn, Co,
and Zn under different ratios, concentrations, and combinations.
All the obtained MNPs show superparamagnetic behavior at room
temperature with saturation values in the range of 68 to 109 emu
g�1. The level of doping also plays major role in NPs magnetic char-
acters with the behavioral changes in their hysteresis loops. For
instance, Xabier et al. [115] showed the influence of ratio of Mn
doping on the iron oxide NP structure as a vital factor to tune many
of its magnetic characters. The prepared NPs are in the size range of
9 to 15 nm, with the high magnetic saturation values in the range
of 72 to 83 emu g�1.
4. Functionalization and phase transfer strategies

The functionalization or phase transfer techniques are crucial
for magnetic NPs to be utilized in biomedical applications. The sta-
bility of NPs at a high concentration of salts and proteins is the
most vital factor in the biological environment. As discussed ear-
lier, MNPs synthesized by different approaches will have different
surface properties like hydrophobic or hydrophilic. In general, the
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interactions of MNPs depend on the surrounding media and the
presence or absence of the surface molecules. MNPs tend to form
clusters due to van der Waals forces and magnetic attraction
between the particles. MNPs are also highly reactive under acidic
environment, thereby leading to leaching [116]. Another factor is
surface to volume ratio; the reduction in particle size results in
high surface energy, causing aggregation of particles. Moreover,
the uncoated magnetic NPs in the suspension quickly get oxidized
and lose their magnetic properties.

Functionalization is required for MNPs even if they are formed
in the presence of a stabilizing agent to improve their stability
and specific targeting. The functionalization strategies depend on
the application and initial surface chemistry of the NPs. The main
aim is to achieve hydrophilic NPs with high stability in the broad
range of ionic strengths and pH. For biomedical applications, the
main challenge is to maintain the particle size below 100 nm after
functionalization to retain its magnetic property. A proper func-
tionalization can stabilize the NPs by avoiding agglomeration and
by providing improved specific interactions. The steric hindrance
of coating affects the cellular uptake and circulation time, thereby
preventing the release of core materials in the biological environ-
ment causing toxicity [117,118]. For coating, polymers with a func-
tional group (R–COOH) or (R–NH2) are generally used. The most
common coatings used are lipids, proteins, dextran, chitosan, poly-
ethylene glycol (PEG), poly(vinylpyrrolidone) (PVP), poly (lactic-
co-glycolic acid) (PLGA), or poly(vinylalcohol) (PVA), poly(acrylic
acid) (PAA), carbon, silica, metals and metal oxides. The different
approaches used for surface coating are encapsulation method or
grafting by using organic and inorganic molecules during (in-
situ) or after (ex-situ) the synthesis process [119]. This section
briefly discusses the common surface coatings used in biomedical
applications.

Over the past several years, polymers have gained much atten-
tion as coating materials due to their unique properties like
biodegradability, biocompatibility and amphiphilicity. They are
ideal for preventing oxidation which could also be relevant to
biomedical applications [120]. The two major classifications are
synthetic polymers such as PEG, PVP, PVA, PLGA, PAA etc., and
biopolymers such as dextran, chitosan, polylactic/polyamine acids,
polysaccharides, starch, proteins, albumin, liposomes, and nucleic
acids. Moreover, the polymers have functional groups such as ami-
nes, carboxylic acid, thiols etc., for conjugation. The commonly
used polymers in biomedical applications and their advantages
are given in Table 4. Natural polymers (biopolymers) pose milder
formulation, they are biocompatible and can be used in biomedical
Table 4
Different polymers used as a coating material and its advantages.

Polymer Advantages

Dextran Biocompatibility and biodegradability, Enh
interaction with surfaces.

Chitosan High biocompatibility, Polycationic hydrop
functional group, antibacterial property, po
its enhanced ability to react with biomole

Starch Biocompatible, good for targeted drug deli
the extracellular spaces and internalized i

Polyethylene glycol (PEG) Hydrophilic and easy to functionalize, imp
biocompatible, protein repellent, increased

Polyvinylpyrrolidone (PVP) Improves stability of the particle by preven
provides monodisperse particles

Polyacrylic acids (PAA) Increase biocompatibility and stability of N
therapy studies in vivo.

Polyvinyl alcohol (PVA) Used for controlling particle growth, highl
hydrophilic emulsifier, non-toxic.

Poly (lactic-co-glycolic acid)
(PLGA)

Improves interaction with biological mate
biocompatibility, and biodegradability, pro
European Medicine Agency, used for drug
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applications. Some of the commercially available drugs are coated
with natural polymers; for example, commercial MRI agents like
Ferrumoxtran-10 and Feraheme are coated with carbohydrate
polymers [121]. To overcome magnetic dipole–dipole interaction
and to improve stability, natural polymers like dextran and chi-
tosan are used. Among the natural polymers, dextran is the most
widely used due to its good aqueous dispersion, biocompatibility
and biodegradability [122]. For the past decade, dextran-coated
particles have been used as MRI contrast agents [123], and
chitosan-coated iron oxides are used for targeted photodynamic
therapy [124,125].

On the other hand, synthetic polymers provide long blood circu-
lation as compared to natural polymers and give better control
over drug release. The degradation of synthetic polymers depends
on composition, chemical structure, molecular weight, physical
characteristics (shape, size, defects) and administration route
[127]. The degradation rate must be considered in in vivo applica-
tion for controlled release. PEG is a widely used synthetic polymer
in biomedical applications due to its biocompatibility and pro-
longed blood circulation time. Polymers bind to the surface of
MNPs in many ways, as shown in Fig. 8. Fig. 8a shows the direct
attachment of the polymer onto the surface of the particle during
synthesis through its end group. Fig. 8b indicates polymer grafting
onto the coating of synthesized NPs. The use of a di-block copoly-
mer where one block consists of a grafting group which binds to
the surface of the particle is depicted in Fig. 8c. Fig. 8d indicates
the wrapping of a polymer containing grafting groups around the
core. The electrostatic interactions between coatings with opposite
charges, where either one or both of the electrostatic forces come
from a polymer, is shown in Fig. 8e. Fig. 8f indicates a micelle
approach using an amphiphilic polymer containing hydrophilic
and hydrophobic sections, where multiple hydrophobic cores are
stabilized through hydrophobic interactions, thus making them
stable in water [126]. Properties of polymers such as charge,
molecular weight, stability and branching highly impact the parti-
cle’s properties and their possible applications.
5. Biomedical applications of MnFe2O4 nanostructures

A major drawback of using NPs in clinical settings is their diffi-
culty in reaching intracranial positions. Such a challenge can be
overcome by using an external magnetic field to deliver MNPs to
the targeted region. The biomedical applications of MnFe2O4 rely
on the biocompatibility and toxicity of the NPs. The final size of
Ref

ances blood circulation time, better polar [128]

hilic polymer has two hydroxyl and one amino
tential use in non-viral gene delivery system due to
cules such as DNA.

[129–131]

very and MRI due to the ability to be transported in
n nerve cells.

[132]

roves blood circulation time, biodegradability and
internalization efficiency.

[109,133–136]

ting coagulation, Biocompatible and biodegradable, [137,138]

Ps, helps in bio adhesion, used for imaging and [139,140]

y stable and prevents agglomeration, excellent [141]

rials and increases blood circulation time,
tects drug from degrading, approved by FDA and
delivery system.

[142]



Fig. 8. Various polymer stabilization methods on MNPs. Adapted and reprinted with permission from reference [126].
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the NPs, including the coating and magnetic response of the NPs,
are the significant parameters that influence the biocompatibility
and toxicity of the NPs. For biomedical applications in in vivo and
in vitro, the MnFe2O4 NPs should have high magnetization, low tox-
icity, biodegradability, and long blood retention time.

5.1. Toxicity impacts

Before using magnetic particles in an in vivo study, toxicity eval-
uation in cell cultures/blood components must be investigated.
Different types of cytotoxicity tests includeMTT assay, Alamar Blue
and Trypan blue exclusion assay. These assays lack standard proto-
cols; hence, the higher the number of tests performed, the safer is
the material for in vivo studies. The MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) colorimetric assay is the
classical, inexpensive, and most used assay for cytotoxicity studies
[143]. Other studies like Alamar Blue test, in which the cells are
incubated with the blue non-fluorescent dye resazurin to find the
number of viable cells [144]. The trypan blue dye assay is an exclu-
sion test in which trypan solution is used to quantify dead cells.
Another widely used assay is the reactive oxygen species (ROS)
production test to evaluate the cytotoxicity of magnetic particles.
This test is specifically designed to detect and quantify ROS gener-
ation as an indicator of cellular oxidative stress. When the cells are
incubated with the material, free radicals and enzymes like super-
oxide dismutase and glutathione peroxidase are involved in the
detoxification mechanism. This is the primary reason for induced
toxicity. And the overproduction of ROS leads to DNA strand break-
down, lipid peroxidation, alteration in gene transcription and gen-
eration of protein radicals [145]. Different techniques are used to
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measure the number of apoptotic cells, like light microscopy (Try-
pan blue staining) and fluorescence microscopy (acridine orange/
propidium iodide staining). Recently Lacovita et al. [146] investi-
gated manganese ferrite and zinc ferrite nanoparticles for magnetic
hyperthermia and studied their toxicity level in four different cell
lines. They performed MTT assay in three different cancer cell lines
a human melanoma cell line (MW35), a mouse melanoma cell line
(B16F10), and a human lung adenocarcinoma (A549) cell line and
one normal cell line human retinal pigment epithelial (D407) cells
shown in Fig. 9a, b. The results show with the increase of the mate-
rial concentration the viability of the cells decreases although
MnFe2O4 NPs exhibited a negligible decrease with cell viability
percentage of 98 to 91 % up to 0.1 mg mL�1 concentration and
79 % at 0.2 mg mL�1 concentration. Whereas ZnFe2O4 NPs show
91–73 % of the cellular viability up to 0.1 mg mL�1 and almost
50 % decrease at 0.2 mg mL�1 concentration. And also from another
recent study by Islam et al. [147] it has been proven that positive
surface charge also results in ROS generation. In this study chitosan
coated MnFe2O4 NPs with sizes below 20 nm induces negligible
toxicity effects of only less than 15 % decrease on cell viability on
HeLa cells at 2 mg mL�1 concentration. The study by Zhang et al.
[148] shows the cytotoxic evolution of manganese doped iron
oxide NPs on RAW264.7 cells. The results show a decrease in cell
viability percentage with an increase in NP concentration after
24 h of incubation. At 0.3 mg mL�1 the cell viability percentage
is greater than 80 % and with the increase in concentration of
1.8 mg mL�1 the viability percentage is 60 % and by doubling the
incubation time also show similar results.

In some of our previous studies [79,149], cytotoxicity studies of
MnFe2O4 NPs were carried out using MTT assay on human breast



Fig. 9. Cell viability at four different cell lines at three different concentrations (a) MnFe2O4 and ZnFe2O4 NPs [146]. Cell viability profiles of cube and rod shaped MnFe2O4 NPs
(c) FESEM of cubic particle, (d) TEM of rod shaped NPs and (e) cell viability percentage after treating with different concentrations NPs in MCF-7 cell lines [79,149]. Adapted
and reprinted with permission.
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cancer cell lines (MCF-7). The NPs showed a significant decrease in
cell viability when treated with MCF-7. The cell death may be due
to the reactive oxygen species (ROS) generation by MnFe2O4, which
are very toxic to 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 [79,150]. The possible
mechanism is outlined below.

Mn2þ þ H2O2 ! Mn3þ þ HO� þ OH� ð12Þ

H2O2 þ HO� ! H2Oþ HOO� ð13Þ

Mn3þ þ HOO� ! Mn2þ þ Hþ þ O2 ð14Þ
Similar behavior was found in earlier research as well

[3,80,151]. Another reason can be due to ferroptosis which is iron
depended cell death caused by lipid peroxidation. The Fe2+ or Fe3+

ion release from MnFe2O4 in the tumor site is more pronounced
than at normal tissue. Released iron can participate in the Fenton
reaction and induce ferroptosis of tumor cell. Cubic particles pos-
sess a relatively higher cytotoxicity effect than rod shape shown
in Fig. 9d, c and e, which may be due to the irregular shape and
sharp edges seen from the micrographs of the NPs.

5.2. Imaging and diagnostic applications

In the last decades, the use of MNPs in diagnosing the early
stage of cancer set up a major improvement in cancer nanothera-
nostics. The MNPs have been selected for their high surface area,
unique magnetic properties, and, most importantly, chemical mod-
ification to improve the imaging sensitivity [152]. The imaging of
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the tumor is the primary step in cancer therapy for locating the site
and extent of its spread to decide the method of eradication or drug
dosage. MRI is the most widely used technique for detecting the
early stage of the tumor and tracking the drug’s response. MRI
works based on the principle of nuclear magnetic resonance
(NMR) and can generate high-quality human body images. MNPs
are widely used as a contrast agent in clinical oncological imaging
due to their unique superparamagnetic properties. The contrast
agent can cause significant susceptibility effects upon the applica-
tion of an external magnetic field resulting in two types of relax-
ation processes viz., T2 (spin–spin relaxation process),
T2 ⁄ contrast and T1 (spin–lattice relaxation process). The relax-
ation process is the interaction between the magnetic core of the
NP and the surrounding water molecules. Hence, MRI contrast
agents are divided into two types: positive and negative. Positive
contrast agents provide brighter images due to T1 shortening in
the surrounding protons. Negative contrast agents provide darker
images by shortening the T2 relaxation of the surrounding protons.
The magnetic property and the structural features of MNPs play a
major role in the relaxation mechanism [153,154]. To interpret the
interactions between the NPs and water molecules for the design
of MRI contrast agents, the Solomon–Bloembergen–Morgan
(SBM) and the outer-sphere diffusion theories were developed
[155]. In the SBM theory, water proton and NP interaction are clas-
sified into an inner sphere and outer-sphere mechanism. The inner
sphere mechanism involves the coordination of water protons with
paramagnetic ions of NPs, whereas the outer-sphere mechanism
involves the water protons that are not directly in contact with
the NP centers as shown in Fig. 10. For the relaxation mechanism
of weakly magnetized particles, the outer-sphere diffusion theory
is used.

In general, MnFe2O4 NPs are used as T1-positive agents or T2-
negative agents. Clinically Gd complexes are used as T1 agents.
Recently, Mn based agents similar to Gd molecular structures like



Fig. 10. Schematic of water molecule interaction with MNPs and the factor influencing the relaxation process. The inner-sphere and second-sphere mechanisms illustrate
direct hydrogen bonding of water molecules with NPs, which mainly correlate with the longitudinal relaxation T1. The outer-sphere mechanism describes diffusion and
dephasing of water molecules, corresponding to the transverse relaxation T2. Adapted and reprinted with permission from reference [155].

Fig. 11. A) TEM images of MnFe2O4, Fe3O4, CoFe2O4, and NiFe2O4, B) Magnetization values, schematic of the spin alignment in the spinel structures and magnetic moment of
the NPs, C, D) MR phantoms and calculated T2 relaxivity coefficient. Adapted and reprinted with permission from reference [113].

C.R. Kalaiselvan, S.S. Laha, S.B. Somvanshi et al. Coordination Chemistry Reviews 473 (2022) 214809

15



C.R. Kalaiselvan, S.S. Laha, S.B. Somvanshi et al. Coordination Chemistry Reviews 473 (2022) 214809
Manganese oxides are used as positive agents. The ferrite nanos-
tructure like MFe2O4, M = Fe, Mn, Co is used as T2 agents due to
their strong magnetizations. It is familiar that particle degradation
rate is inverse to particle size. Smaller particles exhibit high surface
M2+ ions and higher release of M2+ than larger particles [105]. Thus,
by reducing the NPs size can improve the longitudinal relaxivity, as
demonstrated by a larger r1 value. This strategy has been incorpo-
rated in ferrite-based NPs to improve longitudinal relaxivity.
Decreasing of their particle size into the ultrasmall range leads to
a small r2 / r1 ratio and a pronounced T1 -enhanced effect observed.
T2 and dual-mode contrast agent concepts arise to eliminate the
possible artifacts of the single-mode contrast images by combining
strong T1 and T2 contrast effects in a single contrast agent. Zang
et al. [156] studied ultra-small MnFe2O4 NPs of size 3 nm synthe-
sized by the thermal decomposition method as a T1 MRI nanop-
robe. The MRI measurements were taken at 3 T for different
concentrations of [Fe + Mn], and it was measured as r1 relaxivity
of 8.43 mM-1s�1. They have also conducted a study in pH 5, as
the leaching of metal ions occurs in acidic pH, as reported in the lit-
erature. However, the results show no change in T1, indicating the
stability of MnFe2O4 NPs. For comparison, c-Fe2O3 of similar size
(3 nm) was synthesized by the same method and it exhibited a
relaxivity longitudinal relaxivity(r1) of 4.96 mM-1s�1. Thus, MnFe2-
O4 has a more considerable r1 value which can be attributed to the
doping of Mn2+. Further, they conducted an in vivo study on
Sprague � Dawley (SD) rats for imaging liver and blood vessels.
The MR images of the blood vessels and liver showed notably
brighter T1 images after administering ultrasmall MnFe2O4, indi-
cating shortening of spin � lattice relaxation time of water protons
Table 5
Reported manganese ferrites as MRI contrast agent with the applied field in Tesla (T).

Manganese ferrite NP Approximate Size nm Shape

MnFe2O4 2
3
3.9

Sphere

MnFe2O4 20 sphere
MnFe2O4 10 Sphere
Mn/Fe molar

Ratio
0
0.036
0.046
0.066
0.083
0.111
0.2

88
85
81
66
112
101
148

Sphere

Mn doped iron oxide 4.5 Sphere
PEG-MnFe2O4 50
MnFe2O4 20 cubes
Mn0.43Fe2.57O4 19.97 ± 4.61 Sphere

MnFe2O4 34 cube
MnFe2O4 6

7.5
9
12
14

Sphere

Mn doped iron oxide
(Mn2+:Fe2+)
1:3
1:1
3:1

7.8
7.4
9.6

Sphere

mPEG –MnFe2O4

mPEG-g-PEI-MnFe2O4

6 sphere

MnFe2O4

Gd labeled MnFe2O4

18
74

octahedral

MnFe2O4 – Fe3O4 12.5 Core shell
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in the circulating system. Lee et al. [113] research group reported
the successful synthesis of MFe2O4 NPs where M is + 2 cations like
Fe, Mn, Co and Ni metal ions. The synthesized MNPs are 12 nm in
size, with a high monodispersity of r < � 8 %. The magnetic prop-
erties of these NPs have been studied using a superconducting
quantum interference device (SQUID) magnetometer and spin–
spin relaxation time (T2)-weighted MR images taken at 1.5 T.
MnFe2O4 NPs when compared to other types of NPs showed the
highest magnetization value of 110 emu g�1. This is due to the
inverse spinel structure of MnFe2O4 where, Mn2+

1-xFe3+x (0 < x less
than 1) occupies tetrahedral sites, and Mn2+

x Fe3+2-x occupies the octa-
hedral sites. For other NPs, Fe3+ occupies tetrahedral, whereas Fe3+

and M2+ occupy the octahedral sites. When an external field was
applied, the magnetic spins at the tetrahedral sites align in an
antiparallel direction to the applied field, whereas spins in octahe-
dral sites align in the parallel direction. Thus, MnFe2O4 had the mag-
netic spin in the order of 5 lB with the highest magnetic
susceptibility, whereas other NPs exhibited approximately 4 lB to
3 lB to 2 lB in the order Fe3O4, CoFe2O4 and NiFe2O4, respectively
as shown in Fig. 11. Thus, MnFe2O4 shows the strongest T2 contrast
with a transverse relaxivity (r2) value of 358 mM-1s�1. The single
contrast agent T1 or T2 usually results in susceptibility artifacts
and MR signal loss. By using the same contrast agent as dual T1/T2
contrast for MRI, fault free images with improved detection accuracy
can be obtained. Thus, Xiao et al. [157] worked on the dual contrast
agent using MnFe2O4 NPs. They have successfully synthesized 3 nm
PEG (polyethylene glycol) coated MnFe2O4 NPs with high monodis-
persity and good biocompatibility. The NPs were dispersed in TMAH
solution, and MR images were taken at 3 T, which shows transversal
MS

(emu g-1)
Relaxivity
(mM-1s�1)

Applied field T Ref

r1 r2

8.43
8.23
6.98

3 [156]

76.2 394 1.47 [158]
14.3 82.94 3 [159]

76
65
60
72
69
62
51

22.1
17.2
16.5
16.5
15.2
17.2
8.3

185.1
183.9
257.4
245.4
277.7
275.9
140.2

1.5 [160]

14.9 8.24 17.95 0.5 [161]
60 347.5 1.5 [109]
59 296.11 1.5 [162]
89.5 506.6

904.4
0.5
7

[70]

48 112.1 7 [163]
50
60
72
92
106

0.8
1.3
0.9
2.3
1.3

63
101.5
136.6
261.1
335.6

9.4 [101]

62.4
60.5
71.13

236.6
203.9
202.1

1.5 [164]

41.5
39.6

75.7
331.8

3 [165]

54.67
19.21

11.4
20.5

48
68.48

0.5 [166]

69.34 184.1 [167]



Fig. 12a. (i). Morphological and magnetic studies of different shape MnFe2O4 NPs. (a) TEM image of MnxFe3�xO4 NPs with different doping level (x = 0–1.06), (b) M�H curves
of MnxFe3�xO4 NPs, (c) r2 relaxivity graph and MR images of MnxFe3�xO4 NPs at different concentration. Adopted and reproduced with permission from reference [70],
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relaxivity r2 = 120.9 mM�1s�1 and longitudinal relaxivity r1-
= 7.1 mM�1s�1. In general, Mn2+ shows the highest paramagnetism
with five unpaired electrons when compared with other transition
metal ions. Based on the inner-sphere theory, the T1 relaxivity of
the NPs is influenced by the number of water molecules bound per
metal ion and the residence lifetime (sM) of the bound water mole-
cules. It is known that sM of Mn (H2O)62+ is 4.3 � 104 ns which is
smaller than other transition metal ions. Thus, it accelerates spin–
lattice relaxation and increases r1. The outer-sphere mechanism
dominates the T2 relaxation depending on the proton gyromagnetic
ratio, molar mass, surface coating thickness, density, and radius of
NPs (a). Transversal relaxivity, r2 is proportional to a3 and inversely
proportional to MS. They had doped Mn2+ ion to increase the MS

since MnFe2O4 has a mixed spinel structure, resulting in the increase
of r2 value. Literatures reported on the use of MnFe2O4 NPs as MRI
agents is summarized in Table 5..

The interest in manganese ferrite as an imaging agent has been
steadily increasing in the past decade. The advancement in synthe-
sis protocols has allowed the production of various shapes of NPs.
Most of the investigations on MnFe2O4 NPs have been carried out
in spherical shapes, although other shapes (e.g., rods, disks, cubes,
octahedrons etc.) have also been synthesized. The study of other
shapes of MnFe2O4 NPs is rather scarce. The imaging performance
of the contrast agent are highly dependent on its magnetic proper-
ties, effects of shape and size on the behavior of magnetic particles
have been known for more than half a century. For similar sized
spherical and cubic particles, the saturation magnetization (MS)
was found to be higher for cubic particles owing to its shape aniso-
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tropy. Yang et al. [70] prepared spherical shaped manganese ferrite
NPs and investigated the effects of manganese concentration on
magnetic properties and its contrast abilities. They prepared Mnx-
Fe3�xO4 NPs with different Mn contents (x = 0–1.06). The HRTEM
images show the change in lattice distance when Mn doping level
is elevated, but the particle size is almost 10 nm and is similar for
all the doping levels (Fig. 12i(a)). They measured the magnetic
properties at a magnetic field of 5 T for all the doping levels. The
MnxFe3�xO4 NPs exhibit superparamagnetic behaviors when � is
below 0.61, when � is increased, it behaves partially paramagnetic
(Fig. 12i(b)). They obtained the highest magnetization of 89.5 emu
g�1 for x = 0.43. The relaxivity studies on 0.5 T MRI show r2 values
(Fig. 12i(c,d,e)) of 128.3 mM�1s�1 for Fe3O4 (i.e. for � = 0) and
for � = 0.09 to � = 1.06 the r2 value is 206.9 ± 1.9, 269.3 ± 6.0,
375.9 ± 14.1,459.5 ± 5.7, 506.6 ± 18.7, 396.7 ± 11.5, 312.1 ± 14.8,
244.4 ± 2.6, 154.4 ± 1.2, 117.3 ± 0.6, and 77.7 ± 2.4 mM�1s�1,
respectively. The highest r2 value is obtained for � = 0.43, due to
its largest saturation magnetization, which is fourfold higher than
that of Fe3O4 NP. Their work provides a knowledge that besides
morphology, size, composition of NPs is also to be carefully consid-
ered for designing a contrast agent. In our previous study [149], we
synthesized cubic shape manganese ferrite NPs by simple
hydrothermal method and varied their morphology and size by
changing the reaction solvent ratios. FESEM images show the vari-
ation in the average size of NPs, and it is in the range of 113 to
147 nm (Fig. 12ii(a)). The perfect cube particle size is 135 nm with
saturation magnetization of 62.73 emu g�1 shown in Fig. 12ii(b). In
this study, the T2-contrast ability of NPs was evaluated by 7 Tesla



Fig. 12b. (ii). (a) FESEM images of cubic shape NPs, (b) Magnetization (M) versus applied magnetic field (H) plots for MnFe2O4 NPs and (c,d) MRI studies at different
concentration levels. Adopted and reproduced with permission from reference [149].
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Animal MRI and the r2 values are found to be in the range of 215.72
to 113.58 mM�1s�1 (Fig. 12ii(c,d)). The cubic particle with highest
magnetic saturation obtains high r2 value of 215.72 mM�1s�1.

5.3. Hyperthermia

Cancer treatment modalities includes radiation therapy,
chemotherapy, hyperthermia (HPT) and surgery. Clinical HPT has
three categories viz., localized HPT, regional HPT, and whole-
body HPT. HPT is heating specific tissue or tumors to 41 to 46 �C
where the natural enzymatic processes are destroyed, keeping
the tumor alive [168]. Inside the cancerous tissue, blood vessels
are poorly developed and thus have low thermal resistance as com-
pared to normal tissues. HPT is a promising therapy for cancer
since tumor cells are more susceptible to heat due to their higher
rate of metabolism and are currently used in clinical trials [169–
172]. The main challenge in HPT is insufficient heat generation to
the tumor location by lowering the exposure time and controlled
heating. This can be accomplished using MNPs with high specific
Fig. 13. (a) Heat generation mechanisms of magnetic NPs in an external AC magnetic fie
moment direction, curved red arrow represents particle movement, and short straight a
from reference [10], and (b) Schematic illustration showing how magnetization phase l
reproduced with permission from reference [174].
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loss power (SLP) or specific absorption rate (SAR) at a lower con-
centration. The SLP or SAR value is the measurement of heat gen-
erated per unit mass. The SLP of NPs is dependent on particle
size, distribution, shape, anisotropy constant, saturation magneti-
zation and surface modification. In the MHT, induced local heating
at the tumor site is achieved by controlling the AMF. The heat gen-
erated by the MNPs depends on the amplitude and frequency of
the applied field and the type and size of the particle used [173].
In HPT, the AMF used is in the radiofrequency range between sev-
eral kHz and 1 MHz, which can penetrate deep enough to access
the inner organs/tissues in the body and is entirely harmless. The
heat generation in MHT is due to several factors, as shown in
Fig. 13(a).

(1) Hysteresis loss: The heat generated by superparamagnetic
nanomaterials is theoretically zero, primarily because these parti-
cles exhibit zero remanence and coercivity when subjected to a dc
magnetic field. However, in the presence of a high-frequency alter-
nating magnetic field, typically in the range of 200–400 kHz, indi-
vidual magnetic spins of these tiny nanomagnets fail to follow the
ld. Circles represent MNP; curved dashed arrows represent the change in magnetic
rrows represent magnetic field direction. Adopted and reproduced with permission
ag in the linear response regime leads to an elliptical hysteresis loop. Adopted and
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fast-flipping magnetic field. As a result, a phase shift arises
between the magnetization (M) and the magnetic field (H) vectors,
which is responsible for the emergence of an elliptical hysteresis
loop (Fig. 13(b)). Hence, it is to be remembered that ac hysteresis
contributes to heat generation during magnetic hyperthermia. At
low frequencies, M could easily follow H, hence no loop formation
is observed (Figure 13(b)i). As the frequency is increased, the
phase lag between M and H emerges. At 450 phase shift, the hys-
teresis loop area is maximum (Figure 13(b)ii), however, the loop
area begins to diminish as the phase difference angle moves
beyond 450 (at 900, the area recorded is the least, Figure 13(b)
iii) [174].

(2) Brownian relaxation: It is the heat generation due to the
physical rotation of the particle. The Brownian mechanism
depends on the viscosity of the surrounding fluid and the volume
of the particle. When the magnetic anisotropy constant is high
Table 6
Summary of reported manganese ferrite NPs for hyperthermia with SAR values.

Nanoparticle Size
nm

Shape MS

emu g-1

MnFe2O4 11 Sphere 58.18
MnFe2O4 80 Cluster 76
MnFe2O4 – Ag

Mass ratio
1:0
2:1
1:1
2:1
1:2.5

23.6
25.4
32.3
28.5
37

Irregular shape
66.5
�50
�40
�25
16.1

MnFe2O4 6 Spherical 58.28

Mn0.1Fe2.9O4

Mn0.29Fe2.71O4

Mn0.66Fe2.34O4

Mn0.74Fe2.26O4

6 to 8 Sphere 66
62
63
67

MnFe2O4 10 Sphere
MnFe2O4/ZnS �45 Sphere 1.8182
Chitosan- MnFe2O4 17.63 Cube 58.34
DMSA- MnFe2O4

Chitosan- MnFe2O4 (0.3 %)
Chitosan- MnFe2O4 (0.6 %)
Chitosan- MnFe2O4 (0.6 %)
Chitosan- MnFe2O4 (1.2 %)

12
17.2
17.7
18.3
17.1

Sphere
Sphere
Sphere
Sphere
Sphere

44.1
40.2
39.8
31.2
36.7

MnFe2O4

Fe0.2Mn0.8Fe2O4

Fe0.6Mn0.4Fe2O4

10–12

MnFe2O4 21 Sphere 75
MnFe2O4

CoFe2O4 @ MnFe2O4

MnFe2O4 @ CoFe2O4

15
15
15

Sphere
Core shell
Core shell

125
110
108

MnFe2O4

CoFe2O4 @ MnFe2O4

MnFe2O4 @ CoFe2O4

10
26.5
16.1

Sphere
Core shell
Core shell

14.5
33.
26.4

MnFe2O4 31 Sphere 69.5
MnFe2O4

MnFe2O4- GO
Sphere

Mn0.3Fe2.7O4

Co0.03Mn0.27Fe2.7O4

10
18
22
22

Sphere
sphere
Polyhedral
polyhedral

Fe3O4

Mn0.3Fe2.7O4

Mn0.6Fe2.4O4

96
110
65

71
62.7
66

MnFe2O4

MWCNT- MnFe2O4

4.5
6.9

MnFe2O4 16 Sphere 61
MnFe2O4 (water)

MnFe2O4 (PEG)
83 Clusters 76
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enough to overcome viscous resistance, the magnetic moment will
be fixed while the particle will rotate. The Brownian relaxation
mechanism was first given by Brownian [175] as in Eqn. (15):

sN ¼ 3gVH

kT
ð15Þ

Where g is the viscosity of the solution and VH is the hydrody-
namic size of the particle.

(3) Néel relaxations: It is defined as the heat generated by rotat-
ing individual magnetic moments in the particle. When the particle
is in the nanometer range with a single domain, each particle will
have a magnetic moment. When the applied field displaces the
magnetic moment and relaxes back to the preferred orientation,
thermal energy is released, resulting in local heating. The time con-
stant of the applied field in Neel relaxation is short enough to
rotate the magnetic moment alone while physical orientation
SAR or SLP
W g�1

Frequency
kHz

Applied field
kA m�1

Ref

97 300 15 [179]
1170 355 65 [146]

�52
�25
�80
�70
�60

340 100 Oe [180]

16
32
54

276 13.3
20
26.7

[181]

70
71
88
111

829 [160]

145 300 15 [182]
27.03 336 Field amplitued 226 G [183]
278.6 50 [76]
1.45
1.20
1.17
1.08
1.15

266 653 Oe [108]

60
35
92

300 20 [184]

295 195 50 [185]
414
2280
3034

500 37.3 [186]

42
73
160

765 28 [187]

455.3 768 300 Oe [188]
110
160
150
100
180
300

300 400
600
800
400
600
800 Oe

[189]

164
1140
2278
3417

380 7 [112]

61
37
73

183 17 [190]

42.22
53.14

231 60 [191]

92 276 9.8 [192]
1170
1395

355 20
17

[146]
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remains the same. Neel first gave this relaxation mechanism, and it
is given by the term sN in Eqn. (16).
sN ¼ so
2

ffiffiffiffiffiffiffiffiffiffiffi
p kT
KV

r
e

kT
KV ð16Þ

Where V is the volume of the NP, and K is the anisotropy
constant.

For example, in a study by Cruz et al. [176], MnFe2O4 and CoFe2-
O4 NPs were synthesized using the hydrothermal method in two
different temperatures 175 and 230 �C and two different mediums
such as normal and gelatinous. The SLP of MnFe2O4 at 175 �C in
gelatinous medium showed the highest value among the reported
values. The particle size of CoFe2O4 and MnFe2O4 at 175 �C in the
gelatinous medium is 4.4 and 4.6 nm, respectively. At 175 �C in
the gelatinous medium, the SLP value of CoFe2O4 and MnFe2O4 is
24 and 198 W g�1, respectively, which shows the variation of
energy released by the two particles. They explained that the vari-
ation in results though the particle size is almost the same, is due
Fig. 14. Morphological, magnetic study and HPT behavior of spherical and cube shape Mn
versus applied magnetic field (H) plots of spherical shape chitosan coated MnFe2O4 NPs
2 mg mL�1 concentration, (f) maximum SLP values obtained by different size particles at
(M) versus applied magnetic field (H) plots for cubic shape MnFe2O4 NPs and (f) HPT
permission from reference [76].
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to the difference in the magnetic properties, most likely magnetic
anisotropies (for bulk CoFe2O4 (K = 2.7 � 105 J m�3) and MnFe2O4

(K = � 3.3 � 103 J m�3)). For very small MNPs, Neel relaxation will
be dominant, and it depends on the magnetic anisotropy K. By sim-
ple calculation, assuming bulk values for the magnetic anisotropy
constant (K), the Néel relaxation dominates over Brownian relax-
ation up to 6 nm diameter in the case of CoFe2O4, and up to
20 nm for MnFe2O4. Thus, the magnetic anisotropy constant is
reduced by the different orientations, and Neel relaxation domi-
nates in the case of MnFe2O4 NPs, providing high SLP. The particle
size and the ratio of the distribution of cations in the spinel struc-
ture can also influence the hyperthermic behavior of NPs. In one of
our previous studies [177], we synthesized MnFe2O4 NPs by ther-
mal decomposition method with different solvents. The solvent
used were phenyl ether, benzyl ether, and octadecene resulting
in different sizes of NPs 10, 12 and 11 nm, respectively. All the
samples have reached hyperthermia temperature in less than three
minutes. We have conducted hyperthermia studies for all the sam-
ples at two different concentrations at the frequency of 314 kHz
Fe2O4 NPs. (a),(b) TEM image of spherical shape MnFe2O4 NPs (c) Magnetization (M)
, (d,e) Temperature versus time curve of spherical shape MnFe2O4 NPs NPs at 1 and
different concentration [147], (g) TEM image of cubic shape NPs, (h) Magnetization
behavior of cubic particle at different applied field. Adopted and reproduced with
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and field strengths of 375, 425, 475, 525 and 575 Oe. When the
concentration and field strength increases, we have noted a sub-
stantial increase in the NPs SAR values. The SAR values of 10 nm
size particles in the order of above mention field strength is 56.5,
57.73, 63.6, 74.75 and 97.69 W g�1, for 12 nm particle 133.22,
185.3, 251.65, 284.95 and 329.36 W g�1 and for 11 nm size
162.8, 199.8, 274.1, 360 and 384.8 W g�1 respectively. The ratio
of the distribution of cations in the spinel structure can also influ-
ence NPs hyperthermic behavior. Doaga et al. [178] studied the
HPT behavior of different MnxFe1�xFe2O4 (x = 0 to 1) prepared by
the co-precipitation method. The sample sizes were in the range
of 10.5 to 19.0 nm, and they exhibited superparamagnetic behav-
ior, which is ideal for HPT application. The magnetization of the
NPs increases with the increase in the value of x; for � = 0, 0.2,
0.4, 0.6, 0.8 and 1, MS values of 53.4, 56.3, 63.3, 68.2, 68.7 and
68.8 emu g�1 were obtained respectively. The SAR values mea-
sured at a frequency of 1.95 MHz and field strength of 4.5 kA
m�1 increase with � value from 66.9 to 148.4 W g�1. This is due
to the replacement of Fe3+ by Mn2+ ions on the A-site; thus, the
moment in A-site remains constant with a value of 5lB, but the
magnetic moment increases in the B-site resulting in the increase
of magnetization. At the higher magnetization, the heat generation
is dominated by Neel relaxation and magnetocrystalline anisotropy
played a major role. Another important factor here for achieving
high SAR values is controlling the particle’s size. One of the highest
SAR value of manganese ferrite in the literature was 1661 W g�1

were reported by Mazario and her group [158]. To achieve this
high SAR the prepared NPs of approximately 20 nm in size were
subjected under a magnetic field of 30 mT at 717 kHz frequency.
Table 6 show the literatures on manganese ferrite NPs as heating
agent for magnetic fluid hyperthermia.

HPT behaviors are highly dependent on morphological and
magnetic properties of the MNPs. The comparative analysis has
been carried out in this review to better understand the influence
of shape in HPT behaviour. First, for spherical particle we are con-
sidering the study conducted by Islam and his group [147]. In their
study, they synthesized MnFe2O4 NPs by co-precipitation method
and varied the NP’s size by changing the reaction mixture’s pH.
The obtained chitosan coated MnFe2O4 NPs are in the size range
of 5 to 15 nm (Fig. 14(a,b)). The magnetization versus applied field
studies were done at 5 and 300 K and the magnetization values
Fig. 15. Drug loaded magnetic nanovectors to a specific site guided by an external
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were 8, 12, 19 and 41 emu g�1 at 300 K for 5, 6, 10, and 15 nm,
respectively. The maximum saturation magnetisation for 15 nm
sized particle at room temperature is 41 emu g�1 (Fig. 14(c)). The
HPT studies calculated with the applied radio frequency of
342 kHz for 1, 2, 3, and 4 mg mL�1 sample concentrations
(Fig. 14(d, e and f)). From the experiment the calculated SLP value
for 15 nm particle is 200 and 150 W g�1 for 1 and 2 mg mL�1 con-
centration. For cubic particle the study conducted by Oh and his
group [76] was compared. They prepared chitosan coated MnFe2O4

nanocubes by thermal decomposition method. The obtained NPs
are in the size of 17 nm with saturation magnetization of 58.34
emu g�1 for Chitosan-MnFe2O4 nanocubes (Fig. 14(g and h)). HPT
studies of nanocubes with 1.5 mg mL�1 concentration were mea-
sured at AC magnetic field amplitudes from 20 to 60 kA m�1. The
measured SAR was 57.2, 97.5, 152.21, 209.41, and 278.69 W g�1,
which corresponded to the maximum temperatures of 44.10,
48.24, 55.25, 62.81, and 65.38 �C, respectively. In these two studies
the particle size were almost similar. However, the magnetization
of spherical particle is smaller than cubic particle, this can be
explained by shape anisotropy factor influencing the magnetic
properties. From these studies, we can understand the impact of
shape of the particle is highly important for the magnetic property
and HPT behavior.

5.4. Drug delivery

From 1854 to 1915, Paul Ehrlich was the first to propose the
idea of selective drug delivery to a particular location by the term
‘magic bullet’. In 1908, Paul Ehrlich received a Nobel prize for his
magic bullet idea in the field of immunity. Since then, the drug
delivery to the targeted site of action was carried out by various
strategies like sensitivity to physical stimuli or recognition moi-
eties on the drug. Before using MNPs in drug delivery, it was used
only as a contrast agent for localized radiation therapy. In 1960
Freeman et al. [193] proposed that MNPs can be guided through
the vascular system to a specific location by an external magnetic
field. Magnetic NPs guided by an external magnetic field directly to
a tumor location for controlled drug release as shown schemati-
cally in Fig. 15. The use of MNPs in chemotherapeutic delivery
has evolved since the 1970 s. In 1978, Widder et al. [194] used a
magnetic albumin microsphere in an animal model for delivering
magnetic field. Adapted and reprinted with permission from reference [110].
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doxorubicin. In the 1980 s, many authors proposed magnetic
microspheres and microplates for delivering different drugs
[195–197]. However, till 1996, all the magnetic delivery
approaches were carried by micro sized particles. The first MNP
for drug delivery in an animal model was proposed by Lübbe
et al. [198]. Since then, several groups have shown the potential
of magnetic vectors for drug delivery application. Some of the com-
mercialized MNPs for delivery are TargetMAG-doxorubicin and
FluidMAG by Chemicell and MagNaGel by Alnis Biosciences, Inc.
[199]. MNPs in drug delivery have some main advantages: the par-
ticles can be held or guided through an external field to a particular
place, visualizing through a diagnostic technique like MRI and trig-
gered drug release or heat generation using MHT [200]. Drug load-
ing is the most challenging and important factor for clinical
delivery applications. The drugs can either be absorbed/entrapped
into the pores of NPs or encapsulated within NPs or covalently
bonded to the surface of NPs. The key parameters for drug loading
are the size, shape, and surface chemistry of NPs. Drug loading is
generally classified into two methods based on the physical and
Fig. 16. (a) Schematic view drug loading and release of the MNP in the tumor microenvir
MnFe2O4/CNT sample cumulative release profile of the (c) Chi- MnFe2O4/CNT. Adapted
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chemical interaction. (1) Chemical attachment: The covalent bond
existing between the conjugated ligand and the function groups
of MNPs like carboxyl, hydroxyl, amine, and thiol are strong and
provide a stable linkage for drug loading. These groups can be
anchored on the surface of NPs by polymer coating, and this tech-
nique is generally used for small molecule conjugation. These
groups are found either at the end of the polymer chain, like that
seen in polyethylene glycol or at the middle, like in dextran and
chitosan. The covalent attachment takes place by linking the func-
tional group and the similar group on the therapeutic agent. (2)
Physical attachment: Hydrophobic/hydrophilic, electrostatic, and
affinity interactions are the major types of physical attachment
interactions. The main advantages of physical interactions are fast
binding, no need for intermediate linkage, and high efficiency.
However, it is not stable as chemical interactions [201]. Hydropho-
bic/hydrophilic interaction occurs when hydrophobic MNPs absorb
a hydrophobic drug on the surface, making NPs hydrophilic. The
drug release will occur by the degradation of coating in an intracel-
lular environment [202]. Electrostatic interactions take place when
onment (b) VSM plot of the MnFe2O4, Chitosan coated MnFe2O4 and the hybrid Chi-
and reprinted with permission from reference [131].
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cationic coated MNPs are complexed with the negatively charged
drug. The key parameters for magnetic nanocarriers in drug deliv-
ery are size, hydrodynamic volume, distribution, surface chemistry
and magnetic properties. The surface chemistry is an important
factor in avoiding the reticuloendothelial system and increasing
half lifetime (circulation time) in bloodstreams, achieved by coat-
ing NPs.

Ravichandran et al. [203] fabricated the core–shell structure of
MnFe2O4 and gold NPs (Mnf@Au) for drug delivery application.
They have used the surface modification technique by using folic
acid as an intermediate ligand for effective docking of anti-cancer
drugs. The main reason for choosing folic acid on the surface is that
it acts as a steering molecule toward the folate receptor on the can-
cer cells and enters the cell through endocytosis. The magnetic
nanocarrier obtained was of size � 25 nm with a magnetization
of 61.1 emu g�1. The highly stable DOX-FA-Mnf@Au was subjected
to internalization studies to confirm the accumulation of NP inside
the cell and not only with the cytoplasm. The research proved the
passing of DOX-FA-Mnf@Au through the cell membrane by an
endocytic mechanism. They showed 97.5 % of drug loading effi-
ciency, and drug release studies were found to be 79.6 % at pH
5.4, 76.9 % at pH 6.8 and 37.6 % at pH 7.4. In another study by
Kim et al. [108], investigations were carried out on chitosan encap-
sulated MnFe2O4 for HPT and magnetically triggered drug delivery.
Chitosan was chosen because it is biocompatible, frequently used
in drug delivery, and does not cause any allergic reaction to living
tissues because of its positive charge. They chose theophylline as a
model drug due to its ease to disperse easily throughout the coat-
ing with its small size. The synthesized chitosan- MnFe2O4 is of
size 18 nm with a magnetization of 44.1 emu g�1. They showed
the most effective drug loading and release by chitosan- MnFe2O4.
Seyfoori et al. [131] designed a multifunctional magneto/pH-
responsive nano-hybrid system to deliver the anticancer drug dox-
orubicin. First, they fabricated MnFe2O4 nanogel by coprecipitation
method with chitosan as the coating. The nanocomposite was then
prepared by mixing functionalized multi-wall carbon nanotube
(MWCNT) with MnFe2O4 nanogel by EDC and the NHS as crosslink-
ers, as shown schematically in Fig. 16. The MS obtained from VSM
shows a value of 48 emu g�1 after conjugation to the carbon nan-
otube. The drug loading and release efficiency was calculated for
functionalized CNT (F-CNT) and nanohybrids, which showed the
loading percentage of 71 and 92 %, respectively. The reason for high
loading efficiency in nanohybrid is because of p-p interaction and
electrostatic interaction of carbon atoms in chitosan and DOX
molecules. The release profile was taken at two different pH 5.3
and 7, to imitate the cancerous and physiological environment,
respectively. The release profile of F-CNT does not show any signif-
icant difference in different pH, whereas nanohybrid shows a
release percentage of 83 and 48 % at pH 5.3 and 7, respectively.
Table 7
Summary of reported manganese ferrite NP for drug delivery application.

Nanoparticle Size
nm

Coating

Mnf@Au 25 Folic acid
MnFe2O4 18 Chitosan
CNT- MnFe2O4 200 Chitosan
pAcDED - MnFe2O4 8–11 Antimicrobial cationic polyacrylamide
MnFe2O4 15 Folic acid
MnFe2O4 22 Folic acid and PEG
PNIPAm-co-Am - OA - MnFe2O4 45 Poly(N-isopropylacrylamide-co-acrylami
NH2 – SiO2 – MnFe2O4 200 Folic acid
GO/ MnFe2O4 4–7 Triethylene glycol
MnFe2O4 30–40 Polyethylene glycol-grafted Chitosan
MnFe2O4 8 PVP
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Some of the recently reported MnFe2O4 NPs for drug delivery sys-
tems with their loading and release efficiency are summarized in
Table 7.

5.5. Catalytic therapies

Currently, a number of treatment modalities are being
employed to increase the survival rates of the cancer patients
which mainly includes radiotherapy, chemotherapy, magnetic
hyperthermia therapy, photodynamic therapy and recently
emerged catalytic therapy (CT). CT is a cancer treatment modality
based on the generation of reactive oxygen species (ROS) such as
the hydroxyl radical using a redox active mixture [210,211]. Even
though ascorbic acid has an antioxidant function in the living sys-
tem, it also acts as pro-oxidant, generating ROS in the presence of
transition metal ion. The main concept behind the CT engages a
pro-oxidant activity in the existence of transition metal ion
[212,213]. As tumor cells have an altered anti-oxidant system they
might be highly vulnerable to the oxidative species [214]. Investi-
gations on ROS-based systems such as hypoxanthine oxidase have
displayed that administration of ROS leads to cytotoxic effects
which only harm the cancer cells and show minimal or non-toxic
nature against the healthy cells [215]. The first effort to employ
an analogous approach to the CT was reported by Kimoto et al.
[216] in 1983, where they demonstrated improvement in the
anti-tumor action of the ascorbate by a combination of glycyglycy
and copper.

For the enhancement in the effect of ROS-mediated tumor
specific therapeutics, different drugs and nanoscale materials such
as doxorubicin, Cisplatin, iron oxide, gold NPs, spinel ferrite etc.
have been investigated for targeted transportation to tumor cells
and endocytosis by tumor tissues to enhance the generation of
ROS with high toxicity and selectivity. Nanoscale spinel ferrites
have been broadly utilized in the bio-applications such as magnetic
hyperthermia, MRI, magnetic targeting, and separation etc. due to
their extraordinary magnetic and other properties. In the tumor
acidic micro-environment, spinel ferrites display intrinsic peroxi-
dase like activity, which can catalyze the Fenton reaction of hydro-
gen peroxide (H2O2) to generate the hydroxyl-free radicals (ÛOH)
with high toxicity, which causes the tumor cell death. Recent
investigations in this area have shown that the enzymatic activities
of the spinel ferrites can be made superior by translating the exte-
rior magnetic field energy or near-infrared laser energy into as heat
energy to generate more ÛOH, which enhances the killing effect of
tumor cells. In another manner, with the combination of spinel fer-
rite with drugs, the generation of the ROS can also be increased to
attain more effective cancer therapy. Yan et al. in 2007 investigated
that iron oxide NPs possess intrinsic peroxidase-like activity,
which catalyzes the disproportionate of H2O2 to generate �OHwith
Anticancer or model drug Drug loading (%) Drug release (%) Ref

Doxorubicin 97.5 76.9 [203]
Theophylline [108]
Doxorubicin 92 83 [131]
usnic acid 90 [204]
Doxorubicin 95 [205]
Doxorubicin 48 59 [133]

de) Doxorubicin 52 70 [206]
Doxorubicin 60.4 58 [207]
Doxorubicin 20 [208]
methotrexate 48 25 [209]
Doxorubicin 22.9 40.3 [137]
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high toxicity [217]. Further, researchers have accomplished inves-
tigations on spinel ferrite NPs a nano-enzyme to mediate the pro-
duction of ROS for tumor treatments [218]. The mechanism of the
adequate ROS generation with high toxicity under the spinel ferrite
based catalytic activity and can be summarized as follows: (i) The
intrinsic Fenton reaction catalytic activity of spinel ferrites, (ii)
Exterior magnetic field energy enhancing the Fenton reaction
activity, (iii) The cascade reaction to produce adequate ROS.

Among the spinel ferrites, manganese ferrite (MnFe2O4) has
shown great promise for bio-imaging and catalytic therapies due
to their interesting features. Nanoscale MnFe2O4 has been recently
employed in theranostics as a contrast enhancing agents in mag-
netic resonance imaging (MRI), and as catalase mimicking nano-
enzymes for hypoxia mitigation. This capable employment encour-
ages the design and development of novel fabrication approaches
to improve the bio-imaging and catalytic properties of these nano-
Fig. 17. Schematic illustration of catalytic therapy based on MnFe2O4 NPs decorated mes
[219].

Fig. 18. Therapeutic mechanisms of MnFe2O4 and ceria nanoparticle-decorated mesopo
[221].
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materials simultaneously for efficient cancer therapy. Kim et al.
[219] designed and developed bio-compatible MnFe2O4 NPs deco-
rated mesoporous SiO2 NPs (MFMSNs) to conquer hypoxia
(Fig. 17), consequently improving the therapeutic efficacy of pho-
todynamic therapy. The exploitation of the constant O2– evolving
property of MnFe2O4 NPs via Fenton reaction, MFMSNs relieved
hypoxic conditions using a minimal dosage of NPs and improved
the therapeutic outcome of photodynamic therapy for tumors
in vivo. Their outcomes showed that the constant production of
ROS by Fenton reaction under physiological conditions, improves
the ROS production of photosensitizers under hypoxic conditions.
It was observed that hypoxia drastically reduced after the MFMSNs
treatment in both the in vivo and in vitro models. Systematic inclu-
sion of Ce6 loaded MFMSNs was retained at the tumor region with
high selectivity owing to the EPR effect and constantly produced
oxygen, facilitating simultaneous reduction of hypoxia, and
oporous SiO2 NPs (MFMSNs). Adapted and reprinted with permission from reference

rous silica NPs (MFCMSNs). Adapted and reprinted with permission from reference
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improved photodynamic therapy. Their outcomes show a great
potential of the MFMSNs for a theranostic candidate in cancer
treatments.

Yin et al. [220] reported a novel approach for the continuous
and simultaneous regulation of tumor hypoxia and reduction to
attain the desired therapeutics. To achieve this approach, they have
developed a MnFe2O4 NPs and metal organic framework (MOF)
based biocompatible platform (MnFe2O4@MOF) by integrating por-
phyrin coating as a photosensitizer and MnFe2O4 as nano enzyme.
The fabricated MnFe2O4@MOF platform exhibited catalase-like and
peroxidase-like activity. After intervening inside the tumor, the
MnFe2O4@MOF platform continuously catalyzed H2O2 to generate
the O2 and overcome tumor hypoxia by cyclic Fenton reaction.
MnFe2O4@MOF platform, along with the Fenton reaction, is cap-
able of determinedly consuming glutathione in the attendance of
H2O2, which reduced the depletion of ROS upon laser irradiation
during photodynamic therapy and attained better therapeutic effi-
ciency in vivo and in vitro. In addition to this, the MnFe2O4@MOF
platform integrated a treatment modality with MRI to uphold a
more accurate and effectual treatment for future clinical applica-
tions. Kim et al. [221] in another report developed MnFe2O4 and
ceria nanoparticle-decorated mesoporous silica NPs (MFCMSNs)
(Fig. 18) that can considerably scavenge ROS and produces O2 for
improved inflammation via pro-inflammatory M1 macro-phages
to anti-inflammatory M2 macro-phages. The synergistic influence
Fig. 19. Targeted NP delivery system to the tumor tissue via the EPR ef
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of MnFe2O4 NPs and ceria NPs was analogous to the hydroxyl rad-
icals scavenging effect of ceria NPs, whereas intermediately devel-
oped radicals produced by MnFe2O4 to O2. MFCMSNs productively
induced the M1 to M2 macro-phages under the hypoxia and
inflammation condition both in vivo and in vitro. The outcomes of
this study suggest the potentiality of MFCMSNs as an inflammatory
reliever and M2 macro-phages stimulator for the efficient treat-
ment of hypoxia associated inflammatory disorders.

6. Targeting strategies

Currently, chemotherapy and HPT have been increasingly used
in treating cancers. However, the major side effects caused by
those therapies are that they kill not only the cancer cells but also
the health surrounding non-diseased cells/tissues. An improve-
ment strategy to overcome this off-target toxic effect is to use a
targeted delivery system. This can deliver therapeutic agents
directly into the cancer site and reduce the dosage level. MNPs
are used as a targeting agent because they can be guided to a speci-
fic location by the external AMF due to their superparamagnetic
behavior. However, the major limitation is that MNPs tend to
agglomerate in an aqueous solution. This could be solved by sur-
face modification using some viral or non-viral vectors on the sur-
face of MNPs. The use of viral vectors like adenoviruses is limited
due to their viral recombination, immunogenicity and toxicity
fect. Adapted and reprinted with permission from reference [223].
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[222]. The commonly used surface modifications include non-viral
vectors such as polymers, inorganic NPs, and liposomes. These
materials should be non-toxic and biocompatible and should have
sufficient hydrophilicity by maintaining homogeneous water sus-
pension. Generally, the MNPs get accumulated at the tumor sites
through active (by external magnetic field) or passive (enhanced
permeability and retention (EPR) effect) targeting, as shown in
Fig. 19 [223]. However, the surface coating on the MNPs and the
magnetic field guided tumour-targeting alone is not always suffi-
cient due to the significant variation between and within the
tumor types [224]. An alternative action for improving the target-
ing performance is by conjugating the MNPs with targeting seg-
ments like antibodies, transferrin, hyaluronic acid, aptamers,
peptides, and folates to recognize specific receptor/integrin on
the tumor surface.

Antibodies are glycoproteins belonging to the immunoglobulin
family. They have a higher affinity to several receptors or antigens
on the surface of cancer cells, including vascular endothelial
growth factor receptor (VEGF), PSMA (prostate-specific membrane
antigen), hyaluronan receptor (CD44), epidermal growth factor
receptor (EGFR) and human epidermal receptor-2 (HER-2) [225].
For selective targeting on tumor cells, these antibodies are
attached with NPs. There are several antibodies used for cancer tar-
geting, like anti-EGFR and anti-VEGF. anti-EGFR antibodies include
HER1 (EGFR and ErbB 1), HER2 and HER3 (ErbB 3) and HER4 (ErbB
4) [226]. For example, HER2 is a tumor biomarker that correlates
with 7–34 % of gastric cancers,16–29 % of breast cancers and
approximately 30 % of salivary duct carcinomas that can be used
for tumor targeting [227]. Yoon et al. [228] developed Fe@MnFe2-
O4 MNP with high magnetization and with increased core size. The
particle was tested for transverse relaxivity at 7 T, and cellular
Fig. 20a. (i). (a) TEM images of MNP, (b) Hysteresis loops of MNPs, (c) Time � temperat
thermal images under ACMF (390 kHz, 2.58 kA m�1), (d) T2-weighted MR images and
theranostics combining MRI and hyperthermia, (f) Fluorescence images of mice beari
Photographs of the mouse. Adapted and reprinted with permission from reference [238
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detection were performed on human cancer cells (SkBr3) with
HER2/neu antibodies conjugated NPs, and the results confirmed
the superior detection of cancer cells. VEGF is a signaling protein
for cancer vasculogenesis and angiogenesis [229]. anti-VEGF mon-
oclonal antibodies such as bevacizumab, aflibercept and anti-
VEGFR2 have been used as drug delivery systems to control the
progression of vascular-related diseases. In addition to anti- EGFR
and VEGF other antibodies such as anti-TAG-72, anti-CD 22, anti-
CD133, anti-prostate-specific membrane antigen (PSMA), anti- av
b3, and monoclonal antibody A7 have also shown targeting proper-
ties while having less immunogenicity.

Aptamers are single-stranded oligonucleotides, which can read-
ily combine with small molecules like oligonucleotide, DNA, or
RNA to the tumor surface with high affinity. Aptamers show better
performance than antibodies with high selective and specific target
recognition. They are mainly used due to their advantageous prop-
erties like stability, flexible structure, low toxicity, rapid tissue
penetration and their ability to mimic the natural properties of
antibodies. Some of the aptamers used by scientists are MUC-1
(5TR1 aptamer targets mucin-1), PSMA, A10 RNA, and A10-3-J1
for diagnostic and therapeutic purposes [230–232]. Another tumor
targeting conjugate is Transferrin (Tf), an important tumor-
targeting ligand is a blood plasma glycoprotein, which helps in
the transport of Fe ions and has low immunogenicity. It has a high
affinity to the Tf receptor (TfR) found on diverse tumor cells, most
notably breast cancer cells. Tf-conjugated delivery systems are suc-
cessfully employed in phase I/II clinical trials of cancer therapy
such as MBP-426 (TfR-targeted liposomal formulation of oxali-
platin designed by Mebiopharm), SGT-94 (RB94 gene encapsulated
by a liposome targeting the TfR single-chain antibody fragment),
and SGT-53 (an intravenous, tumor-targeted liposomal p53 deliv-
ure curves of MNCs in aqueous phase (2 mg Fe/mL) and the corresponding in vitro
relaxation time of MNPs by a 1.5 T MR scanner, (e) Magnetically induced cancer
ng breast cell carcinoma (4 T1) acquired after the intravenous injection and (g)
].
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ery system) [233]. Tf is also used for selective transfer of therapeu-
tic drugs (such as DOX, paclitaxel (PTX), and cisplatin) [234] or
genes (such as CYP2B1, ETR, and LacZ) into the cancer cells [235].
7. Pre-clinical in vivo studies

For the potential clinical applications of the prepared man-
ganese ferrites, a proper assessment of their toxicological proper-
ties must be studied. Extensive evaluation needs to be done to
the dosage and the possible side effects. In general, ferrites are
known to cause ROS production leading to cell death by DNA dam-
age [236]. Thus, several in vitro and in vivo studies must be taken
before the clinical trial to assess the material’s biocompatibility.
The commonly used in vitro techniques to evaluate the cytotoxicity
of the material are MTT assays, TPB assay, measuring lactate dehy-
drogenase (LDH) and mitochondrial redox activity. These tests pro-
vide an initial impression of the prepared NP and their
biocompatibility for future use in biomedical applications. The
in vivo assessment is used to find the material’s particle distribu-
tion, cellular accumulation, and organ deposition. In general, fer-
rites accumulate more in the liver and the spleen when
administered intravenously as these tissues have high vasculariza-
tion [237]. The mouse model for in vivo toxicity testing is exten-
sively used as an intermediate model before the clinical trials.
These provide relatively high throughput but are expensive and
ethical permissions are needed. Nica et al. synthesized PEGlayted
coated core–shell structure of cobalt ferrite and manganese ferrite
(CoFe2O4@MnFe2O4) by thermal decomposition method as a
Fig. 20b. (ii). (a) Magnetically induced cancer theranostics combining MRI and hyperthe
after the intravenous injection and (c) Photographs of the mouse. Adapted and reprinte
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potential theranostics agent for MRI and hyperthermia applica-
tions. Bimagnetic NPs had an average particle diameter of 14.4 ± 2.
4 nm with saturation magnetization (MS) of 64.2 emu g�1 and SAR
values in the range of 210–320 W g�1. The magnetic relaxivity (r1
and r2) measurements at 1.5 T and 9.4 T were calculated in PBS
solution at different concentration; the transverse relaxivity (r2)
was 30.2 mM-1s�1 and 67.6 mM-1s�1 at 1.5 T and 9.4 T, respec-
tively. Further, they had carried out an in vivo MRI study on the
9.4 T Bruker system in male Balb/c mice. They have administered
NPs intravenously at a concentration of 10 mg/kg of the mice body
weight. MRI showed a rapid increment of 50 % in the liver in the
first 30 mins, and the slow increment of 20 % after 30 min and
remained at the basal level. This proved that PEGylated coated
NP has good stealth property with high circulating time. Similarly,
the kidney showed a rapid increase of 40 % in the first 30 mins,
then returned to the basal levels and remained the same for the
entire study. T1 and T2 - weighted images were taken at different
time intervals shows that CoFe2O4@MnFe2O4 can be used as a
MRI contrast agent. In another study by Xie et al. [238], PEG-
phospholipid and tripeptide arginine-glycine-aspartic acid (RGD)
coated Mn–Zn ferrite with a core size of 14 nm was synthesized,
which was used as a contrast agent for multimodal imaging and
hyperthermia (Fig. 20i(a)). The NPs MNCs@PEG and MNCs@RGD
show high magnetization MS values at room-temperature of 112
and 115 emu g�1, respectively (Fig. 20i(b)). The prepared particles
were subjected to the applied AC magnetic field of 2.58 kA m�1,
390 kHz. MNCs@PEG and MNCs@RGD NPs possess high SAR values
of 498 and 532 W g�1 at 2 mg mL�1 concentration, respectively
(Fig. 20i(c)). The in vitro studies carried out at 1.5 T MR shows
rmia, (b) Fluorescence images of mice bearing breast cell carcinoma (4 T1) acquired
d with permission from reference [238].
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concentration-dependent T2 effect and the corresponding r2 relax-
ivity values of MNCs@PEG and MNCs@RGD NPs are 485 and
501 mM�1s�1, respectively (Fig. 20i(d)). In this study, MNCs@RGD
showed superior SAR and T2 relaxivity due to the surface polypep-
tide’s cross-linking effect. They had used a mouse model bearing
breast carcinoma (4 T1) for fluorescence/magnetic resonance
(MR) as diagnostics and magnetic hyperthermia as treatment
under an alternating magnetic field of 2.58 kA m�1, 390 kHz. They
had used 30 mg Fe per kg body weight for studies, and for in vivo
fluorescence imaging, they have incorporated indocyanine green
(ICG) dye in the NP. They showed intense fluorescence over 0–
2 h after the injection and signals gradually enhanced and main-
tained for 24 h. They had also taken T2*-weighted MR images over
time range of 0–96 h. The obvious dark contrast was seen in the
tumor region after 4 h post-injection. After 24–48 h the tumor area
was highlighted suggesting the accumulation of large number of
particles. The contrast existing as long as 96 h in the tumor regions
shows NPs possess the imaging ability of prolonged tumor target-
ing in vivo. Further, they had conducted magnetic hyperthermia
studies with the dosage of 30 lg Fe per g body weight for three
times. An alternating magnetic field of 2.58 kA m�1 at 390 kHz
was applied for 30 min over seven days at the tumor site. MRI
was used as a diagnostics technique to locate the tumor suppres-
sion, as shown in Fig. 20ii. To evaluate the ability of the prepared
magnetic particle to escape the RES, specific targeting and thera-
peutic properties, several studies have been carried out
[147,219,239–241].
8. Prospect of the clinical transformation of MnFe2O4

nanomaterials

Over the last two decades, nanomaterials played an important
role in the commercialization of nanomedicines. Certainly, we
might expect to generate new breakthroughs and prospects for
the global economy from the advancements in nanotechnology
based medicines. With the potentiality for widespread applications
of MnFe2O4 nanomaterials in the upcoming years, it may broadly
be employed in various areas, especially in cancer diagnostics
and therapeutics. MnFe2O4 nanomaterials are promising for clini-
cal cancer diagnosis and therapeutics based on their size, biocom-
patibility, surface chemistry, superior stability and tunable toxicity
in biological systems. It is highly expected that MnFe2O4 nanoma-
terials used in cancer tumor therapy will significantly improve the
existing cancer cell detection, imaging and therapy methods while
reducing the side effects and toxicity compared with conventional
tumor treatments. However, several issues need to be addressed,
and there are still some controversies about the potential risk of
anti-cancer therapies based on nanomaterials [242–244]. The most
crucial issues are potential chronic and acute toxic effects which
cannot be neglected in anti-cancer therapies [245,246]. It is essen-
tial to perform detailed toxicity studies to affirm the safety prior to
clinical use in humans. Moreover, only a few types of magnetic
materials based on iron oxide nanomaterials have been granted
by the FDA and very few nanomaterials have been approved as
anticancer agents to enter the Phase III clinical trials or for com-
mercialization, which shows that MnFe2O4 nanomaterials need to
be understood thoroughly before applying them in tumor thera-
pies. Thus, the long-term toxicity of MnFe2O4 nanomaterials to liv-
ing systems needs to be intensively investigated. Developing
cancer tumor therapies is a multidisciplinary field. With more in
detail investigations of tumor biology, tumor immunology, molec-
ular biology and nanomaterials, an ideal therapy will eventually be
produced for tumour treatment. The transformation of MnFe2O4

nanomaterials into a routine clinical practice will require a
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multi-disciplinary approach directed by clinical, ethical and social
perceptions. Given the notable research studies being dedicated to
the field, it might be expected that human beings will greatly be
benefited from nanomaterials in the near future, especially for
tumor therapies.
9. Concluding remarks and outlook

MnFe2O4 NPs possess wide-ranging unique and attractive prop-
erties, including improved magnetic behavior, high chemical sta-
bility, and excellent biocompatibility, explaining their extensive
use in biomedical research in recent years. Mostly, the co-
precipitation approach is adopted to synthesize nanospheres. At
the same time, both thermal decomposition and solvothermal
techniques are employed to grow spherical and anisotropic parti-
cles having a good degree of monodispersity. The precursors,
including the manganese salts, solvent to surfactant ratio and reac-
tion conditions such as temperature, reaction time, heating rate
etc., firmly dictate the morphology, purity, and crystallinity of
these nanomaterials. The choice of the synthesis technique and
the corresponding parameters majorly affect the transverse relax-
ivity and specific absorption rate of MnFe2O4 NPs. Interestingly,
MnFe2O4 NPs exhibit size-dependent saturation magnetization
mostly in the range of � 40–80 emu g�1 at room temperature,
which is very close or sometimes higher than the MS reported for
superparamagnetic Fe3O4 nanoparticles (�65–70 emu g�1 for
12 nm sized particles)[41,247]. The higher magnetic saturation
and superparamagnetism exhibited by these particles make them
an efficient candidate for MRI and magnetic hyperthermia applica-
tions. The anisotropic MnFe2O4 nanostructures like cubes, rods etc.
always exhibit a substantially higher magnitude of MS due to the
introduction of shape and surface anisotropies in the spinel sys-
tem. Furthermore, the cell viability studies performed on both
human and mouse cancer cell lines with MnFe2O4 suggest no sig-
nificant toxicity of these particles, thus confirming their biocom-
patibility. MnFe2O4 NPs depending on the size and morphology,
have been employed both as T1 and T2 contrast agents for MRI.
While most studies have reported high values of r2 relaxivity with
MnFe2O4, as high as � 350–400 mM-1s�1, ultrasmall manganese
ferrite particles have diameter in the range of 2–3 nm have dis-
played much improved performance as T1 contrast agents. Further-
more, depending upon the morphology of NPs, MnFe2O4 exhibits
high heating efficiency, becoming an ideal candidate in magnetic
hyperthermia-mediated cancer therapy. Individual NPs, core–shell
structures and nanocomposites based on MnFe2O4 display consid-
erable values of SAR and greatly improved hyperthermia perfor-
mance in order to restrict and eliminate the growth of cancerous
cells/tissues. The SAR is reported to be much pronounced in aniso-
tropic structures, particularly in nanoclusters in the range
of� 1200W g�1. The performance of these nanostructures as novel
drug carriers for targeted delivery and controlled release of anti-
cancer drug molecules (�80 – 90 %) are also commendable. Com-
bining magnetic hyperthermia simultaneously with chemothera-
peutic strategies as a synergistic mode of treatment modality is a
possible area of research that still requires much attention specif-
ically involving MnFe2O4 based NPs and nanocomposites.

There are not many reports available on MnFe2O4 NPs-based
pre-clinical studies. Consequently, much more intricate and sys-
tematic studies must be conducted for the practical realization of
these NPs in medical sciences and technology. Also, from the point
of fundamental physics, MnFe2O4 nanostructures are yet to be
explored. The concepts like blocking temperature [248–250], inter-
particle interactions [251–253], spin relaxation dynamics
[248,249,254], exchange bias effects [255–257], ac susceptibility
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studies [248,249,258] etc., involving both spherical and anisotropic
particles and composites of MnFe2O4 must be dealt in an organized
way which may provide a deeper understanding in further explor-
ing these materials for advanced biomedical applications. More-
over, the properties of these nanomaterials can be tailored
accordingly by introducing suitable dopants in the spinel structure.
The dopants, particularly rare earths, can strongly influence the
morphological and magnetic properties which may ultimately
impact hyperthermia heating, r1-r2 relaxivities and drug delivery
efficiency of these nanostructures [259–261]. Furthermore, it is
of utmost importance to design and develop engineered nanoma-
terials and nanocomposites based on MnFe2O4 to address major
biomedical concerns. Typically, MnFe2O4 NPs after entering the
cells via phagocytosis get trapped inside the vesicles, known as
endosomes [262], and a very less percentage of these drug delivery
vehicles can actively get involved in cell apoptosis [263]. Therefore,
new functionalization strategies and morphological modifications
involving MnFe2O4 must be employed to maximize their endoso-
mal escape for efficient targeting and controlled release of drug
molecules at the site of action in a safe manner. In summary, it is
hoped that MnFe2O4 NPs, if rigorously studied and explored, can
have a tremendous future ahead, particularly to modernize and
advance the emerging field of cancer nanomedicine.
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